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ABSTRACT 
The mycangia of two closely related bark beetles, western pine beetle 
(Dendroctonus brevicomis, WPB) and southern pine beetle (D. frontalis, SPB), 
harbor similar fungi. Ceratocystiopsis brevicomi is described as new. It is the 
mycangial ascomycete of WPB and is distinct from C ranaculosus, a mycangial 
fungus of SPB and C. collifera, a fungus isolated &om pine tree attacked by D. 
valens in Mexico, based on isozyme analysis, mating tests and growth rate. 
Molecular phylogenetic analyses using DNA sequences of the mitochondrial 
small subunit rRNA (mt-ssu-rRNA) region, the internal transcribed spacers and 
the integenic short spacer suggested that the mycangial basidiomycetes of WPB 
and SPB are distinct but closely related to Entomocorticium dendroctoni, five 
undescribed Entomocorticium species associated with moimtain pine beetle (D. 
ponderosae, MPB), and the mycangial fungus of Pityoborus comatus. The data 
further indicate that this group of bark beetle associates is recently derived from a 
PeniophoraASHae ancestor. Peniophora species have wind-disseminated 
basidiospores, whereas Entomocorticium species do not forcibly discharge their 
basidiospores and rely on bark beetle dispersal. Analysis of mt-ssu-rDNA 
sequences further showed that the mycangial basidiomycete of D. approximatus, 
a close relative of SPB and WPB, was closely related to Phlebiopsis gigantea, as 
was an arthroconidial basidiomycete associated with MPB. Gloeocystidium 
ipidophilum has been found associated with the bark beetle Ips typographus on 
Norway spruce. Although its phylogenetic placement is not clear, its mt-ssu-
rDNA sequence was close to the mushroom forming fungi Pleurotus 
tuberregium and Lentinula boryana. The mycangial basidiomycete of the 
ambrosia beetle Xyleborus dispar was foimd to be most closely related to the 
brown rot fungus Antrodia carbonica. Thus, the mt-ssu-rDNA data indicated 
ix 
that bark and ambrosia beetle associations have evolved at least four times in the 
Holobasidiomycetes. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
The purpose of this study was to identify the mycangial ascomycetes and 
basidiomycetes from Dendroctonus hreoicomis (western pine beetle, WPB) and D. 
frontalis (southern pine beetle, SPB) and to imderstand (tie phylogenetic 
relationships among these fungi and other bark and ambrosia beetle associates. 
The assodations of tree-killing bark beetles and fungi have drawn attention of 
entomologists and plant pathologists, but very little work has been done on the 
identification of the beetle-associated fungi. Hie mycangial basidiomycetes and 
hyphomycetes of WPB and SPB were noted more than two decades ago, but the 
basidiomycetes remain unidentified and there is considerable confusion on the 
identity of the hyphomycetes. A range of techniques were employed to characterize 
these taxa, including mating studies, isozyme electrophoresis, and DNA sequence 
analyses of a relatively conserved region (mitochondrial small subunit region of the 
rDNA) and relatively variable regions (the internal transcribed spacers, ITS, and the 
intergenic short spacer, IGS, of the nuclear rDNA). 
Dissertation Organization 
This thesis includes three prospective manusaipts. In chapter 2, isozyme 
analysis and mating studies, as well as morphological comparisons, were used to 
identify the mycangial hyphomycete from Dendroctonus brevicomis. In chapter 3, the 
sequences of the mitochondrial small subunit rRNA region were used to examine 
the phylogenetic relationships among the mycangial fungi from the bark beetles D. 
approximatus, D. brevicomis, D. frontalis and Pitydborus comatus and the ambrosia 
beetle Xyleborus dispar, as well as basidiomycetes associated with D. ponderosae, D. 
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j^eyi and Ips typographus. In chapter 4, the fungi associated with D. brevicomis, D. 
frontalis, and P. comtus were compared with the fungi present in the galleries of D. 
jeffreyi and D. ponderosae, including Entomocorticium dendroctoni, using DNA 
sequences from the internal transcribed spacers and the intergenic short spacer of 
the rDNA regions. General conclusioiis are drawn at the end of this thesis. The 
aligned DNA sequences used in the analyses are provided in the appendices. 
Literature Review 
Many fungi have adapted to insect dispersal and are commonly associated 
with forest insects such as bark and ambrosia beetles. The relationships among bark 
beetles and their associated fungi have been reviewed extensively (Beaver, 1989; 
Berryman, 1989; Harrington, 1993a; Harrington, 1993b; Paine et al, 1996; Whitney 
1982). The bark and ambrosia beetle fungi have been demonstrated to be 
nutritionally beneficial to their beetle associates, detrimental to beetle development, 
or have little effect on the beetle brood. Some of the beetle associates have known 
sexual stages, which allow for classification, but many are only known by their 
asexual stage and are either classified as members of Deuteromycetes or have 
remained unnamed. 
Members of the ascomycetous orders Miaoascales and Ophiostomatales are 
often conspicuous associates of bark beetles because many are capable of causing a 
blue-gray stain of sapwood. However, not all blue stain is caused by these fungi. 
Members of Ceratocystis (Miaoascales) often cause blue stain and may be pathogenic 
to the tree host, but they rarely are associated with bark beetle galleries (Harrington 
et al, 1996). Ophiostoma, Ceratocystiopsis (Ophiostomatales) and the anamorph ganus 
Leptographium have sticky spores and are typically vectored by bark beetles or mites 
phoretic on bark beetles (Bridges and Moser, 1986; Moser et al., 1995; Harrington, 
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1988,1993a; Leach et ai, 1934), but they are generally not pathogenic to the tree host 
(Harrington, 1993b; Owen et al., 1987; Paine et al, 1996). Although some species of 
the Ophiostomatales are associated with specific bark beetles, they are more 
commonly associated with a number of bark beetle species (Harrington, 1993b). 
Ceratocystiopsis ranaculosus is intimately associated with the southern pine beetle 
(Bridges and Perry, 1987; Harrington and Zambino, 1990) and is ttiought to have a 
positive influence on beetle development (Bridges, 1983). 
There are relatively few basidiomycetes that have been reported as associates 
of bark or ambrosia beetles. Among these fungi, only two are named. 
Entomocorticium dendroctoni (Whitney et al, 1987) was isolated from walls of beetle 
galleries and pupal chambers of mountain pine beetle (D. ponderosae, MFB), and 
Gloeocystidium ipidophilum was isolated from beetle galleries oUps typographus 
(Siemaszko, 1939). Other basidiomycetes have been reported from the mycangia 
(special spore-carrying sacks in the beetle exoskeleton) of SPB and WPB, Pityoborus 
comtus and the ambrosia beetle Xyleborus dispar (Barras and Perry, 1972; Fumiss et 
al, 1987; Happ et al, 1976a, 1976b; Whitney and Cobb, 1972). An tmidentified 
arthroconidia-forming basidiomycete in the galleries of O. ponderosae was noted by 
Tsuneda et al. (1993). It appears that most of these basidiomycetes serve as food for 
the beetles (Bridges, 1983; Coppedge, 1995; Tsuneda et al, 1993; Whitney et al, 1987). 
Bacteria and yeasts are commonly found in association with bark beetles 
(Harrington 1993a; Whitney, 1982) and some may be important in the production 
and interconversions of beetle pheromones (Brand et al, 1975; Leufv^n et al, 1988). 
However, these microorganisms have not been extensively studied as bark beetle 
associates. 
The sticky spores found in the Ophiostomatales and the hydrophobic 
basidiospores found in Entomocorticium dendroctoni are believed to be adaptive 
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mechanisms for beetle dispersal. However, the phylogenetic relationships of the 
bark beetle associates and other fungi have not been studied. 
There are two major groups of scolytid beetles, bark beetles and ambrosia 
beetles. The bark beetles feed in the inner bark of trees, which is rich in nutrients. In 
contrast, ambrosia beetles feed in wood, which is low in nutrients, and ambrosia 
beedes typically carry spedHc fungi that are introduced to the xylem for feeding by 
the larval brood (Abrahamson and Norris, 1969; Abrahamson et al, 1967; Beaver, 
1989). The adult ambrosia beetles usually carry their fungi in a specialized structure 
called a mycangium (Happ rf al, 1976a). Only a few bark beetle species (D. 
brevicomis, D. frontalis, D. adjunctus Blandf., D. approximatus Dietz, and perhaps D. 
mexicanus Hopkins and D. vitei Wood) have well-developed mycangia with 
seaetory cells that are selective for the growth of certain fungal associates (Barras 
and Perry, 1971; Barras and Perry, 1972; Whitney and Cobb, 1972; Whitoey, 1982). 
The WPB and SPB are closely related (Bentz and Stock, 1986) and are each 
associated with four fungi. The SPB carries either Ceratocystiopsis ranacul<ms or an 
unidentified basidiomycete in its mycangium (Barras and Perry, 1972). The other 
two fungi associated with the SPB are Ophiostoma nigrocarpum and O. minus, which 
are on the exoskeleton of the beetle but have been confused as mycangial fungi 
(Harrington and Zambino, 1990). The WPB fungi have been less studied but appear 
similar to SPB fungi (Whitney and Cobb, 1972), 
The mycangial fungi appear to have a positive influence on beetle success 
(Barras and Perry, 1972; Coppedge et al., 1995). Chemicals in the mycangium 
evidently favor the growth of C. ranaculosus and the basidiomycete but inhibit fungi 
such as O. minus and Penicillium species (Barras and Perry, 1971,1972; Happ et al, 
1971; Harrington, 1993a). The mycangial fungi from SPB are beneficial to the 
development of the beetle brood, perhaps by altering the C/N ratio of the phloem or 
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by competing with O. minus, a blue-stain fungus that is detrimental to beetle brood 
development (Bridges, 1983; Bridges and Perry, 1985). The typical ambrosial type 
growth of the mycangial fungi found in the pupal chambers suggests that they 
provide nutrients for the beetles (Bridges, 1983). In addition to the mycangial fungi 
of SPB and WPB, Whitney et al. (1987) and Tsuneda et al. (1993) have suggested that 
basidiomycetes present in the pupal chambers could also be of nutritional benefit to 
MFB. However, the simple mycangium of MPB does not appear to sdect for spedHc 
fungi (Whitney and Farris, 1970), and more than one basidiomycete has been fovmd 
in the pupal chambers of MPB. The association between MPB and its fungi may not 
be as specific as that between the basidiomycetes and the Dendroctonns spedes with 
well-developed prothoradc mycangia. 
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CHAPTER 2. CERATOCYSTIOPSIS BREVICOMISP. NOV., A MYCANGIAL 
FUNGUS FROM DENDROCTONUS BREVICOMIS 
(COLEOPTERA; SCOLYTIDAE) 
A paper to be submitted to Myoologia 
Portia Tang-Wimg Hsiau and Iliomas C. Harrington 
Abstract 
Ceratoofstiopsis brevicomi sp. nov. is a mycangial fungus of the western pine 
beetle, Dendroctonus brevicomis (Coleoptera: Scolytidae). Ihe new spedes is closely 
related to C. ranaculosus from D. frontalis and C. collifera 6x)m D. valens but can be 
distinguished by the size of the peritheda and ascospores. Isozyme analysis 
supports the delimitation of C. brevicomi from C ranaculosus, C. collifera and C. 
minuta. However, C. ranaculosus is not distinguishable from C. collifera 
morphologically or by isozymes. The mating system of C. breoicomi is similar to that 
of C. ranaculosus, which is heterothallic, and peritheda are formed only in pairings 
between strains of opposite mating types. 
Key Words: Ceratocystiopsis ranaculosus, isozyme, mating type 
INTRODUCTION 
Whitney and Cobb (1972) isolated an unidentified hyphomycete from the 
prothoradc mycangium of female western pine beetle {Dendroctonus brevicomis 
LeConte, WPB) and noted that some cultures of this hyphomycete resembled the 
asexual stage of Ophiostoma nigrocarpum Davidson. Owen et al. (1987) and Paine and 
Birch (1983) conduded that the hyphomycete was the anamorph of Ophiostoma 
nigrocarpum. Similarly, the anamorph of 0. nigrocarpum was confused by Bridges 
and Perry (1987) with the h)^homycete foimd in the prothoradc mycangium of the 
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southern pine beetle (D. frontalis Zimmermann, SPB). Pairing of cultures of the 
h3rphomycete from the SPB resulted in development of peritheda, asd and 
ascospores of Ceratocystiopsis ranaculosus Perry and Bridges (Harrington and 
Zambino, 1990), and we had a similar result with the hyphomycete from WPB. 
We isolated fungi from WPB collected in Northern and Southern California in 
1990 and 1991. From those isolations it was fotmd that 0. nigrocarpum was not 
assodated with the mycangium, but a new spedes of Ceratocystiopsis and an 
uiudentified basidiomycete were isolated from female beetles and surface-sterilized 
prothoraxes of female adults. We compared the new spedes with the 
morphologically similar C. ranaculosus and C. collifera. Mating studies and isozyme 
analysis were used to further characterize these spedes. 
MATERIALS AND METHODS 
Sixteen isolates of the new spedes were obtained from D. brevicomis collected 
from either the Central Sierra Nevada (isolates C420, C421, C422, C423, C429, C432, 
C434, C436, C437, C438 and C439) or Santa Barbara, California (C440, C441, C442, 
C443 and C444). The beetles were reared from bolts of naturally infested ponderosa 
pine. Adult beetles emerging from the bolts were sexed and either dissected or 
ground with glass tissue grinders. Female prothoraxes of WPB were surfaced-
sterilized in modified White's solution (1 g HgCl2,6.5 g NaCl, 1.25 ml HCl, and 250 
ml 95% ethanol per liter, Barras, 1972) for 1 or 2 min and rinsed twice with sterile 
water. The prothorax was then torn into 4 pieces and plated in 1% malt extract agar 
(MEA; 1% malt extract and 1.5% agar) for fungal isolation. Whole WPB females or 
males were ground in batches of 10 in glass grinders with 2 ml of water, and serial 
dilutions were plated on CSMA (1% malt extract and 1.5% agar with 200 ppm 
cydoheximide and 100 ppm streptomycin sulfate, Harrington, 1992). 
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The collection information for the C. ranaculosus isolates studied can be found 
in Harrington and Zambino (1990). One isolate of C. collifera (C710, CBS 126.89) 
from Mexico and two isolates of C. minuta (C112, RWD 527 and C332 collected by T. 
Perry from Louisiana) were also included in the isozyme analysis. 
Five isolates each of C. ranaculosus and of the new species were used to 
determine the optimal growth temperature. Two-week-old cultures from each 
isolate were excised with a cork borer (5 mm, size #1) from the colony margin on 2% 
MEA (2% malt extract and 1.5% agar). Hie mycelial plugs were transferred to the 
center of three 90-mm-diam, 2% MEA plates, and the plates were incubated upside 
down in closed plastic bags in growth chambers. Daily growth was measured at 
incubation temperatures ranging from 10 to 35 X! at 5 *C intervals. 
Mating tests, modiHed from Harrington and Zambino (1990), were conducted 
on pine twig medium (2% malt extract, 2% agar, and an autoclaved piece of 
longitudinally split section of Pinus strobus twig, with bark attached; Harrington, 
1992) in 50-mm-diam Petri dishes. Plugs from 2-week-old cultures on 2% MEA were 
excised with a cork borer (size #1) and placed adjacent to each other. Plates were 
incubated at room temperature in a container, using damp paper towels to maintain 
high humidity, for 4 to 6 weeks and examined for peritheda and ascospores. 
Isozyme analyses were as described in Zambino and Harrington (1989). 
Fresh mycelium was vacumn-filtered to remove excess medium, and the mat of 
mycelium was groimd to a fine powder in liquid nitrogen. Enzyme extracts were 
absorbed on paper wicks and stored at -80 *C. Electrophoresis was conducted on 
10% starch gels following the methods of Marty et al. (1984). Buffer systems and 
eletrophoresis conditions are shown in Table 1. Staining for alcohol dehydrogenase, 
glucosephosphate isomerase and sorbitol dehydrogenase was as desaibed by 
Conkle et fl/.(1982), and staining for other enzymes followed the procediu-es of Marty 
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et al (1984). Presence or absence was determined for each allele, and a distance 
matrix was developed using modified Rogers' (Wright 1978) genetic distance 
(NTSYS-pc program, Rohlf, 1990). A neighbor-joining tree was generated in Phylip 
3.5 (Felsenstein, 1993). 
RESULTS 
A new species of Ceratocystiopsis was isolated ft-om whole ground female 
adults and prothoraxes of female western pine beetle. The new spedes was 
distinguished from C. ramculosus and C. coUifera by morphology and isozyme data. 
Ceratocystiopsis brevicomi P. T. W. Hsiau and T. C. Harrington, sp. nov. 
Colonia ebumea, in agaro extracto malt 40-50 mm diam. post 13 dies ad 25 "C; 
mycelium adpressum. Hyphae hyalinae, immersae, septatae, 1.0-7.0 ^m latae. 
Conidiophora hyalina, simplida, perbreve ad longae. Conidia unicellularia hyalina, 
plerumque obovata; parva 3.0-6.0 x 2.0-3.0 nm, granda 4.0-12.0 x 3.0-4.0 ^un. 
Hyphae heterothallinae. Peritheda plerumque superfidalia, interdum, 
immersa in agaro, atrobrunnea vel nigra ad basin, campanulata, 80-190 ^m diam.; 
pars superior drcumdncta per structura coUiformi; collum breve, atrobrunneimi 
gradle, angustatvun et pallidescens versus apicem, 20-40 [un longimi, 15-25 ^ 
latiun. Asd ellipsoidei vel fusiformes, evanescentes, hyalines, octosporis, 20-50 x 5-
10 (un. Ascosporae, extrusae per ostiolum in massa glutinosa, hyalinae, elongatae, 
imicellulares, gradles et leviter falcatae, 13-22 pn longae, 1.0-2.0 jun latae, interdum 
bulbiformae ad extremiun unum. 
Colony 40-50 mm in diam after 13 days at 25 'C on 2% malt extract agar. 
Mycelium aeam colored, appressed or effuse. Hyphae hyaline and branched, of 
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various width. Thin hyphae regularly septate, 1.0-3.0 [im diam, some <1.5 pmdiam, 
frequently fbiming coils of3045 diaxn. Thick hyphae irregularly septate, some 
cells slightly swollen, 3.0-7.0 jun diam (FIG. 1). On 2% malt extract agar with 0.2% 
yeast extract, conidiophores hyaline, simple, smooth and undifferentiated, some 
conidia apparently developing on the side of the hyphae directly, others on disaete 
conidiophores up to 60 ^m long. Conidiogenous cells proliferating sympodially but 
not leaving obvious denticles, producing small to laige conidia (FIGS. 2-6). Small 
conidia hyaline, 1-celled, flun-walled, ovoid or ellipsoidal, 3.0-6.0 x 2.0-3.0 pm. 
Large conidia thick-walled, oval to globose, some lemon-shaped, 4.0-12.0 x 3.0-12.0 
^m. Dark brown to black peritheda formed only when isolates of opposite mating 
types paired on media with pine twigs, mostly superfidal on, sometimes immersed 
in culture medium, base campanulate, sometimes constricted in the middle, 80-190 
^un wide (FIGS 7-10), upper part sunken with a short protuding neck surrounded by 
a shoulder-like or collar-like structwe. Neck dark brown, becoming lighter and 
tapering toward the apex, 20-40 jrni long, 15-25 )im wide. Asd evanescent, 8-spored, 
ellipsoidal to fusiform, 20-50 x 5-10 ^ m (FIG 11). Ascospores hyaline, elongate, 1-
celled, slender and slightly curved, 13-22 ^m long, 1.0-2.0 ^m wide, sometimes 
forming a bulbous swelling toward one end, extruded through the ostiole in a sticky 
mass (FIGS 12-13). 
HOLOTYPE: ISC 418193. ISOTYPES: ISC 418194 and 418195. All derived 
from pairing of Isolates of C420 and C436 from Blodgett Research Forest, EI Dorado 
Co., California, on Pinus ponderosa, assodated with Dendroctonus bremcomis, isolated 
by T. C. Harrington in 1990 and 1991, respectively. Cultures examined indude C421, 
C422, C423, C429, C432, C434, C437, C438, C439, C440, C441, C442, C443 and C444 
from California. 
15 
Morphological characters of C. brevicomi, C. ranaculosus and C. collifera are 
given in Table n, in which we list the anamorph characters of Ceratocystis minor var. 
barrasii as given by Barras and Taylor (1972), the tdeomoiph diaracters of 
Ceratocystiopsis ranaculosus as given by Bridges and Perry (1987), and the characters 
of C. collifera as given by Marmolejo and Butin (1990). We were unable to locate the 
type specimen for C. collifera, and only one culture is available, which does not 
produce peritheda. We determined the anamorph and teleomorph characters of C. 
brevicomi and C ranaculosus firom paired cultures. Our measurements of C. 
ranaculosus were in the range of those given in the anamorph description of 
Ceratoq/stis minor var. barrasiiby Barras and Taylor (1972) and in the teleomorph 
description of Ceratocystiopsis ranaculosus by Bridges and Perry (1987). The 
teleomorph description of Ceratocystis minor var. barrasii is apparently that of O. 
minus, while the anamorph description of Ceratocystiopsis ranaculosus is apparently 
that of O. nigrocarpum (Harrington and Zambino, 1990). 
The anamorphs of C. brevicomi, C. ranaculosus and C. collifera are very similar, 
but C. brevicomi can be distinguished by its teleomorph. Although the ranges 
overlap, C brevicomi generally has larger peritheda and longer ascospores than C. 
ranaculosus and C. collifera. As illustrated by Marmolejo and Butin (1990), C. collifera 
has small peritheda and a relatively long neck, surrounded by a distinct collar-like 
structure. C. ranaculosus was reported to have peritheda of similar size but no collar­
like structure (Bridges and Perry, 1987). Otherwise, the morphological descriptions 
of C. collifera and C. ranaculosus agree dosely. 
The results from pairings among C. brevicomi isolates showed that it is 
heterothallic with two mating types (Table HI), as has been noted for C.-ranaculosus 
(Harrington and Zambino, 1990). Of 16 isolates of C. brevicomi examined, eight were 
of mating type 1 (MAT-1) and eight of mating type 2 {MAT-2). Eighty percent of the 
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pairings between isolates of opposite mating type produced peritheda and 
numerous ascospores. Twelve progeny from the cross between isolates C436 and 
C423 were recovered from a single perithedum; five MAT-1 and seven MAT-2 
isolates were identified by pairing with each other and with the parent isolates. 
Sixty seven percent of the pairings between isolates of C ranaculosus and C. 
bremcomi of opposite mating type produced peritheda and relatively few ascospores 
(Table IV). The size of the putative hybrid peritheda, asd, and ascospores spanned 
the ranges of those of C. ranaculosus and C brevicmi. 
Although the cultural characteristics of C. brevicomi and C ramculosus were 
similar, the growth rate of the spedes differed significantly. The optimal growing 
temperature for C. ranaculosus and C. brevicomi ranged from 25-30 *C Ceratocystiopsis 
ranaculosus had an average daily growth of 5.32 ± 1.3 mm at 25 *C and 5.34 ± 0.9 at 30 
*C, while C. brevicomi had a daily growth of 3.84 ± 0.25 mm at 25 "C and 3.84 ± 0.31 
mm at 30 *C. 
Isozyme analysis further separated C. brevicomi from C. ranaculosus. Fifteen 
lod, coding for twelve enzymes, were scored for 16 isolates of C. brevicomi, 16 
isolates of C. ranaculosus, one isolate of C. collifera and two isolates of C. minuta 
(Table V). A neighbor-joining tree was generated based on modified Rogers' genetic 
distance matrix (FIG 14). The 16 isolates of C ranaculosus clustered with the single 
isolate of C. collifera, whereas the 16 isolates of C. brevicomi dustered on another 
branch. The alleles of two lod (G6PD and SDH2) of the C. collifera isolate were 
distinct from those of C. ranaculosus, but they were shared by some of C. brevicomi 
isolates. Morphological aiteria did not differentiate C. ranaculosus from C. collifera, 
and the isozyme analyses also showed high similarity between these two spedes. C. 
minuta, the type spedes of Ceratocystiopsis, was used as an outgroup to root the tree. 
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These two isolates of C. minuta had very different isozyme phenotypes, indicating 
that one of the isolates was misidentified. 
Isolations from surface-sterilized, female WPB prothoraxes plated on 1% 
MEA are reported in Table VL Apparently, surface sterilization killed the majority 
of superficial propagules on the prothorax and many of the propagules in the 
mycangium, especially with the 2 min surface-sterilization treatment Fungi were 
isolated from 30-65% of WPB female prothoraxes sterilized for two minutes, but 
fungi were isolated from 85% of the female prothoraxes after sterilization for one 
minute. Ceratocystiopsis brevicomi, an unidentified basidiomycete, Ophiostorm 
nigrocarpum, O. minus, yeasts (including Candida species), and various molds or 
bacteria were isolated from the prothoraxes, but C brevicomi and the imidentified 
basidiomycete may have been the only mycangial inhabitants. Ceratoq/stiopsis 
brevicomi was only isolated from ground females, whereas, O. nigrocarpum, 0. minus, 
and Leptographium terebrantis were isolated from both female and male beetles (Table 
VU). However, the number of beetles sampled was small, and 50 colony forming 
imits was the minimum that could be detected by this tedmique. Thus, the 
quantifications are crude. 
DISCUSSION 
Ceratocystiopsis brevicomi can be distinguished from its close relatives, C. 
ranaculosus and C. collifera, by its larger peritheda and longer ascospores. In 
addition, C. ranaculosus has a faster growth rate than C. brevicomi. Hybrid peritheda 
apparently form when C. ranaculosus and C. brevicomi strains of opposite mating 
type are paired, but such peritheda produce few ascospores. Isozyme data also 
support the separation of C. brevicomi from C. ranaculosus and C. collifera. Although 
there was variation in isozyme electromorphs within C. brevicomi and C. ranaculosus. 
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we were able to identify and delimit the spedes using neighbor-joining and two-
dimensional prindpal component analysis (data not shown). 
The oidy available isolate of C. collifera shared isozyme alleles with C. 
ramculosus at 13 of 15 lod. Also the size ranges of peritheda and ascospores of C. 
ranaculosus and C. collifera overlap. In the original description, Marmolejo and Butin 
(1990) illustrated the perithedum of C. collifera with a high collar-like structure 
surrounding the neck, but we did not observe such large collars in C. ranaculosus. 
No perithedal material of C. collifera is available, and Marmolejo and Butin (1990) 
did not compare their fungus with the earlier described C. ranaculosus. We suspect 
that C collifera and C. ranaculosus are the same spedes. 
Pairings of isolates showed that C. breoicomi and C. ranaculosus are 
heterothallic, which may also be the case for C. collifera. A pairing between C. 
collifera (C710) and C. breoicomi (C436) resulted in perithedum production but no 
ascospores. Pairings between C. breoicomi and C. ranaculosus also resulted in the 
production of few peritheda and ascospores in many cases. No peritheda resulted 
in the few pairings of C. collifera with C. ranaculosus. 
Many fungi were isolated from surface-sterilized prothoraxes of female WPB, 
but the high frequency of isolation of C. breoicomi relative to that of O. nigrocarpum 
suggests that C. brevicomi is the more likely mycangial inhabitant Moreover, the 
mycangium of WPB is only found in female adults, and C. brevicomi could only be 
isolated from female beetles. In contrast, O. nigrocarpum and other fungi tolerant of 
cydoheximide were isolated from both female and male beetles. Whitney and Cobb 
(1972) suggested that a hyphomycete was in the mycangium of WPB and that O. 
nigrocarpum was an external contaminant on the beetle. Harrington and Zambino 
(1990) and Harrington (1993a) also conduded that Ceratocystiopsis spedes are in the 
mycangia of SPB and WPB, and O. nigrocarpum is external to the beetles. Moser et al. 
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(1995) observed tadpole-shaped ascospores^ similar to those of C. bremcomi and C 
ramculosus, in sporothecae of tarsonemid mites phoretic on SPB, WPB and Ips bark 
beetles. Thus, mycangial transmission is not likely the only means of dispersal of C. 
ramculosus and C. brevicomi. 
Although Hausner et al. (1993) have transferred members of Ceratocystiopsis, 
including C collifera, C. minuta and C ranaculosus, to Ophiostoma, we prefer to 
recognize them as Ceratocystiopsis species. We believe that elongated ascospores and 
partial cycloheximide sensitivity are taxonomically informative characters and 
choose to place the new species in Ceratocystiopsis. 
Based on morphological characteristics, mating studies and isozyme analysis, 
we conclude that C. brevicomi is a mycangial fungus of the western pine beetle and is 
a close relative of C. ranaculosus and C. collifera. In the absence of perithecia, it can be 
distinguished from O. nigrocarpum by its conidiophores and conidia. Although 
Ceratocystiopsis is closely related to Ophiostoma (Harrington, 1993b; Hausner et at., 
1993), we recognize these genera as distinct and place our new species within the 
genus with elongated ascospores, Ceratocystiopsis. 
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Table 1. Enzymes, buffer systems and staining procedures used in starch gel 
electrophoresis of Ceratocystiopsis species. 
Enzyme name EC Enzyme Buffer Electromorphs 
number* abbreviation system^ determined 
Alcohol dehydrogenase 1.1.1.1 ADH E/l:l 2 
Aspartate 2.6.1.1 AAT E/l:l 4 
aminotransferase 
Diaphorase 1.8.1.4 DIAl E/l:l 2 
DIA2 E/l:l 3 
Fumarase 4.2.1.2 FUM E/l:l 2 
Glucose-6-phosphate 1.1.1.49 G6PD E/l:l 4 
dehydrogenase 
Giucosephosphate 5.3.1.9 GPI B/l:3 5 
isomerase 
Glutamate 1.4.1.3 GDH B/l:3 4 
dehydrogenase 
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Table L Continued. 
Enzyme name EC Enzyme Buffer Electromorphs 
number* abbreviation system^ determined 
Isodtrate 1.1.1.42 IDH E/l:l 3 
dehydrogenase 
Malate dehydrogenase 1.1.1.37 MDHl B/l:3 4 
MDH2 B/l:3 3 
Phosphoglucomutase 5.4.2.2 PGM B/l:3 5 
Phosphogluoonate 1.1.1.43 PGD E/l;l 3 
dehydrogenase 
Sorbitol dehydrogenase 1.1.1.15 SDHl E/l:l 3 
SDH2 E/l:l 4 
»Nomenclature Committee of the International Union of Biochemistry (1984). 
b Buffer systems, electrical requirements, and references: B = pH 5.7 continuous 
histidine citrate system using 250 V constant voltage for 4 hr. Shields et al. (1983); E 
= pH 8.1 continuous morpholine citrate system using 15 W constant wattage for 6 
hr, Conkle et al. (1982). 





Small Large Width of Width of Peritheda Neck Neck Asd Ascospores 
conidia conidia thin hyphae thick hyphae base length width 
3.0 .^0 X 4.0-12.0X 1.0 .^0 
1.0-3.0 3.0-12.0 
3.0-7.0 80-190 2040 15-25 20^x 13-25X 
5-10 1-2 
Ceratoq/stiopsis Z0-5.0x 4.0-12.0 x 1.0-3.0 
ranaculosus 1.0-3.0 3.0-12.0 
3.0-5.0 50-110 20  ^ 15-25 10-30 X S-16>> 
4-14 
Ceratocystis minor 2.0-55 x 6.8-16.2 x S13 
vaT.barrasii (from 1.5-55 1.4-10.3 
Barras and 
Taylor, 1972) 
2.2-55 NA  ^ NA NA NA NA 
Table H. Continued. 
Anamorph Teleomorph 
Spedes Small Large Width of Width of Peritheda Neck Neck Asd Ascospores 





NA NA NA 40-150 12-60 15-25 13-17 x 9.0-15.0 x 
4-6 1.0-1.5 
Ceratoofstiopsis 3.04.0 x NA 1.0-4.0 NA 
collifera (from 1.0-2.0 
Marmolejo and 
Butin, 1990) 
60-100 2040 15-25 NA 113-15X)x 
1.0 
^ Data not available. 
^ Ascxjspore width not determined 
Table m. The production of peritheda and ascospores in crosses of MAT-1 and MAT-2 isolates of Ceratocystiopsis 
brevicomi. 
C444 C443 C439 C429 C423 C422 C421 C420 C442 C441 C440 C438 C437 C436 C434 C432 
MAT-1 
C432 +a + 
-
+ + - + + 
C434 - - + + + - + + 
C436 + + + + + + + + 
C437 - + - + + + + + 
C438 + + + + + - + + 
C440 + + - - + + + + 
C441 - + + + + + + + 
C442 - + - + + + + + 
MAT-2 
C420 - - - - - - - -








a = peritheda and ascospores produced;= no ascospores or perithecia produced. 
Table IV. The production of peritheda and ascospores in crosses between Ceratocystiopsis ranaculosus and C. brevicomi 
isolates. 
C. ranaculosus 
C383 C381 C368 C360 C359 €341 C266 C263 C385 C342 C337 C335 C282 C264 C244 C200 
C. brevicomi 
MAT-1 
C 4 3 2  + 3  -  +  +  . +  -  +  . . . - . . . .  
C434 
K> 
VO C436 + + + - + + 
C437 
C438 + + + + + - + + - - - - - - -
C440 + - + + - + 
C441 + + - + + + + + 
C442 - + + + + + + + 
MAT-2 
C420 + + + + + - + + 
C421 + + + + + + 
Table IV. Continued. 
C. ramcuJosus 
C383 C381 C368 C360 C359 C341 C266 C263 C385 C342 C337 C335 C282 C264 C244 C200 
C. bremcomi 
MAT-1 
C 4 2 2  - - - - - - - -  +  +  +  +  +  +  +  +  




C444 + + + + + 
a= peritheda and ascospores produced;= no ascospores or perithecia produced. 
Table V. Isozyme electromorphs of isolates of Ceratocystiopsis brevicomi, C. ranaculosus, C. coHifera and C. minuta. 
Species Isolates ADH AAT DlAl D1A2 FUM G6PD CP! GDH IDH MDHl MPH2 PGM PCD SDHl SDH2 
C. brevicomi 
C420 B*BBBACBDBC B BBBB 
C421 BBBBABBDBC B BBBB 
C422,C436,C441,C443 BBBBABCDBC B CBBD 
C423 BBBBACCDBC B CBBD 
C429,C444 BBBBABCCBC B CBBD 
C432,C438,C442 BBBBABCCBC B CBBB 
C434,C437 BBACABCDBC B CBBD 
C439 BBBBACCCBC B CBBD 
C440 BBBBABCDBC B CBBB 
C. ranaculosus 
C200,C34iC381 ADBBADEBCD A CBCC 
C244,C264 ADBBACDBCD A CBCC 
C263,C266,C282, ADBBACEBCD A CBCC 
C335.C359,C360,C385 
Table V. Continued. 
Species Isolates ADH AAT DlAl DIA2 FUM G6PD GPI GDH IDH MDHt MDH2 PGM PGP SDHl SDH2 
C. ranaculosus 
C337 A D B B A C E B C D A C B C c 
C341 A D B B A D E B C D A B B C c 
C368 A D B A A D E B C D A B B c c 
C383 A D B B A C E B C D A C B c c 
C. collifera 
C710 ADBBABEBCD A BBCD 
C. minuta 
ai2 BCACADAAAA C EGA A 
a32 B A A B B A A/B'' CAB B DAAD 
^ Letters represent isozyme electromorphs for each enzyme in order of decreasing anodal migration. 
b Two bands repsent 
Table VI. Fungal isolations (number) on 1% malt extract agar from surface-sterilized prothoraxes of female 
Dendroctonus brevicomis collected from the Central Sierra Nevada and Santa Barbara, California. 
Location Surface- No. of total No. of Ceratoq^t- Unidentified Ophiostoma Opkiostorm Yeasts / Molds / 
sterilization prothoraxes sterile iopsis basidiomycete nigrocarpum minus Candida Bacteria 
time (min) prothoraxes brevicomi 
Central 1 70 11 14 14 10 12 11 15 
Sierra 
Nevada 2 28 20 2 0 2 111 
Santa 1 10 1 51 0 116 
Barbara 
2  2 1  7  8 0  0  0 0 8  
Table VII. Fvmgal isolations (colony forming units/beetle) on 1% malt extract agar with cycloheximide and 
streptomycin sulfate from ground adult Dendroctonus brevicomis females and males from the Central Sierra Nevada 
of California. 
Collection Date Beetle sex No. of beetles Ceratocystiopsis Ophwstoma Ophiostoma minus Leptogmphium 
brevicomi nigrocarpum terd)rantis 
3 August 1990 female 8 50 100 0 50 
male 10 0 2500 0 50 
5 December 1990 female 10 200 500 2500 150 
male 10 0 500 500 150 
Fig. 1-6. Anamorph of Ceratocystiopsis brevicomi. 1. Hyphae. 2. Conidia. 
3-6. Conidia and conidiophores. 

Figs. 7-13. Teleomorph of Ceratocystiopsis breoicomi. 7. Perithedal production 
(arrow) from the pairing of isolates C420 x C436 on pine twig medium 
in 50-mm-diam Petri dish. 8. Peritheda on twig. Top view (arrow) of a 
perithedum showing the collar-like structure and the protruding neck. 
9-10. Peritheda. 11. Asd from a smashed perithedum. 12-13. 
Ascospores. 12. Young ascospores; some (arrow) still in asd. 13. 
Mature ascospores with bulbous swelling toward one end. 
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C710 C. collifera 
I I 
C 1 1 2  
C332 ] C. mil inuta 
Fig. 14. Neighbor-joining tree generated from Rogers' genetic distance 
based on isozyme electromorphs of Ceratocystiopsis species. 
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CHAPTER 3. PHYLOGENY OF BASIDIOMYCETES ASSOCIATED WITH BARK 
AND AMBROSIA BEETLES (COLEOPTERA: SCOLYTIDAE) 
Portia Tang-Wung Hsiau and Hiomas C. Harrington 
ABSTRACT 
Phylogenetic analysis of mitochondrial small subimit (mt-ssu) rDNA 
sequences shows that there are at least four distinct groups of basidiomycetous fungi 
associated with the Scolytidae. Most of these fungi are not known to produce 
basidia or basidlospores, so their classification was heretofore unknown. Our data 
showed that a group of basidiomycetes present in the galleries and pupal chambers 
of Dendroctonus ponderosae and D. jeffreyi was found to be closely related to the 
mycangial basidiomycetes of D. frontalis and D. brevicomis, as were the mycangial 
fungus of Pityohoms cormtus and Peniophora species. A basidiomycete from the 
prothoradc mycangium of D. approxirmtus and a similar fungus from pupal 
chambers of D. ponderosae were found to be dose to Phlebiopsis gigantea. 
Gloeoq/stidium ipidophilum, described from the galleries of Ips typographus, was 
placed in the dade containing the mushroom forming Pleurotus tuberregium and 
Lentinula boryana. The mycangial fimgus from Xyleborus dispar was placed in the 
same dade as the brown rot fimgus Antrodia carbonica. We suggest that bark and 
ambrosia beetles assodations have evolved polyphyletically in the basidiomycetes, 
and co-evolution between bark beetles and their fungal assodates was not foimd. 
INTRODUCTION 
Most fungi assodated with the Scolytidae (Coleoptera) are the members of 
the ascomycetes (Batra, 1967; Beaver, 1989; Francke-Grosmann, 1976; Harrington, 
1993a, b; Whitney, 1982), but basidiomycetes have been reported from a few genera 
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of bark and ambrosia beetles (Fumiss et al, 1987; Happ et al, 1976a, b; Harrington, 
1993a; Whitney et al, 1987; Barras and Perry, 1972; Whitney and Cobb, 1972). The 
two most studied of these basidiomycetes are associated with prothoradc mycangia, 
which are special spore carrying sacks. These glandular mycangia line the inside of 
the female prothorax and have been reported in Dendroctonus adjunctus Blandfold, D. 
approximatus Dietz, D. breoicomis LeConte (western pine beetle, WPB), D. frontalis 
Zimmermann (southern pine beetle, SPB) and, perhaps, D. mexicanus Hopkins and 
D. vitei Wood (Barras and Perry, 1971; Francke-Grosmaim, 1966; Whitney 1982). 
Mycangia in these Dendroctonus spedes are believed to have a similar function as the 
mycangia of ambrosia beetles, that is, to carry specific nutritional symbionts into the 
egg galleries for subsequent feeding by the beetle brood. The basidiomycetes from 
two of the Dendroctonus spedes have been characterized but imnamed (Barras and 
Perry, 1972; Whitney and Cobb, 1972). They were dassified as basidiomycetes based 
on the presence of dolipore septa and clamp connections (Barras and Perry, 1972; 
Happ et al, 1976a; Whitney and Cobb, 1972). The SPB mycangial basidiomycete has 
been studied extensively and is thought to have a positive influence on beetle 
development (Bridges, 1983; Coppedge et al, 1995). The WPB mycangial 
basidiomycete probably plays a similar role. We have also isolated a basidiomycete 
from the mycangium of D. approximatus. 
Only a few other basidiomycetes have been assodated with ambrosia and 
bark beetles. Xyleborus dispar, an ambrosia beetle, carries an ascomycete, Ambrosiella 
hartigii, and an unidentified basidiomycete in its mycangimn (Batra, 1967; Happ et 
al, 1976b). A basidiomycete assodated with the mycangiimi of the bark beetle 
Pityoborus comatus was reported by Fumiss et al (1987) as Holtermannia corniformis 
Kobayasi (Tremellales) and also thought to be the SPB mycangial basidiomycete. 
The monotypic genus Entomocorticium is based on E. dendroctoni Whitney et al, 
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which was found in pupal chambers and larval galleries of Dendroctonus ponderosae 
(mountain pine beetle, MPB) on lodgepole pine in British Columbia. This spedes 
was thought to be of nutritional benefit to beetle development (Whitney et al, 1987). 
Due to the differences in growth rates and cultural morphology, Whitney et al. (1987) 
thought that £. dendroctoni may be closely related to Gloeocystidium ipidophilum 
described from Ips hfpographus in Poland by Siemaszko (1939). Tsuneda et al. (1993) 
described an arthroconidial fungus A'om MPB pupal chambers in lodgepole pine 
and suggested that this fungus could also serve as food source for MPB brood. We 
recently found several basidiomycetes sporulating in pupal chambers of the 
mountain pine beetle and the closely related Jeffrey pine beetle (D. jeffreyO in 
California and Colorado. 
Most of the above fungi do not produce basidiomes in culture, and systematic 
placement has proven difficult. Phylogenetic relationships among basidiomycetes 
have been studied using ribosomal DNA sequences (Bruns et al., 1991; Bnms et al., 
1992; Bruns and Szaro, 1992; Hibbett and Vilgalys, 1993; Swann and Taylor, 1993), 
and we compared sequences of the bark and ambrosia beetle associates to existing 
data bases. Oiu* initial comparisons of the mycangial basidiomycete from D. frontalis 
with the 18S rDNA sequences of Swann and Taylor (1993) indicated that the 
mycangial species was in the Aphyllophorales. Further comparisons of mycangial 
fungi from D. brevicomis, D. frontalis, P. comatus, and X, dispar with the sequences of 
Thomas Bruns (impublished data) on the mitochondrial large subunit rRNA region 
(mt-lsu-rRNA) of ectomycorrhizal fimgi further indicated a link to the 
Aphyllophorales. Here we report sequence comparisons of the mitochondrial small 
subunit region (mt-ssu-rRNA) of bark and ambrosia beetle associates and with 
sequences of basidiomycetes in 14 families of Aphyllophorales and Agaricales 
(Hibbett and Donoghue, 1995). 
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MATERIALS AND METHODS 
Mt-ssu-rDNA sequences of 62 species of the Aphyllophorales and Agaricales 
were kindly provided by David Mbbett (Harvard University Herbaria, Cambridge, 
MA). We expanded this data set with sequences of wood decay fungi that were 
previously associated with forest insects or that were suspected to be closely related 
to bark beetle associates. 
Cultures of basidiomycetes were obtained from reference culture collections 
or were isolated by the authors (Table 1). We searched for basidiomycetes 
sporulating in pupal chambers of D. ponderosa in MPB-infested sugar pine (Pinus 
lambertiam) located in the San Bamardino Mountains of southern California, 
lodgepole pine (Pmus contorta var. latifolia) in the Inyo National Forest, California 
and ponderosa pine (.Pinus ponderosa) in Estes Park and Nederland, Colorado. Pupal 
chambers of Jeffrey pine beetle were also examined in Jeffrey pine (Pinus jeffreyO at 
Mammoth Lake, California. Cultures of these basidiomycetes were obtained by 
saaping white powdery or waxy fungal growth in the pupal chambers and 
streaking the materials on benomyl streptomycin malt extract agar (BSMA, 1% malt 
extract, 1.5% agar with 2 ppm benomyl powder and 100 ppm streptomycin sulfate), 
a selective medium for basidiomycetes, or by serially diluting the material in sterile 
water and plating on BSMA. 
Dendroctonus approximatus were collected by Scott Kelley (University of 
Colorado) from ponderosa pine at Durango, Colorado and frozen at -20X2. Five 
female prothoraxesof D. approximatus were surfaced-sterUized in modified White's 
solution (1 g HgCh, 6.5 g NaCl, 1.25 ml HCl, and 250 ml 95% ethanol per liter, 
Barras, 1972) for 30 sec and rinsed twice with sterile water. The prothorax was then 
torn into 4 pieces and plated on BSMA. 
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Double-Stranded DNA templates for sequencing were prepared by 
polymerase chain reaction (PGR) directly from mycelial scrapes (Harrington and 
Wingfield, 1995) using primers MSI and MS2 (White et al, 1990). DNA sequencing 
of each strand utilized the primers MSI and MS2 and the ABI PRISM 377 DNA 
sequencer and ABI PRISM 310 genetic Analyzer (Perkim-Elmer) in the DNA 
Sequencing Facility at Iowa State University. Sequences were aligned using 
CLUSTAL V (Higgins et al, 1992), followed by manual adjustments. 
Because the data set of Hibbett and Donoghue (1995) was large, a select 
number of taxa were induded for the final analysis by comparing the entire data set 
with the sequences of the mycangial fungi of D. frontalis, D. approximatus and 
Xylebonis dispar and Gloeocystidium ipidophilum from using PAUP. The sequences of 
the species in the major clades with the beetle associates were chosen from the data 
set along with those species suspected to be insect associates. 
In case of the presence of multiple islands, the final sequence data set was 
initially analyzed in PAUP using HEURISTIC searches with 100 random addition 
sequence replicates with only 10 trees saved at each replicate, TBR swapping with 
MULPAR on. All characters were given equal weight. All gaps were coded as 
missing data. The resulting trees were continuously searched by TBR swapping 
imtil completion, and all recovered trees were saved. Branch supports of individual 
clades using decay indices were determined with the program AUTODECAY 3.0.3 
(T. Eriksson and N. Wikstrom, 1996) in conjunction with PAUP. 
In addition to DNA sequence analysis, the presence or absence of 
extracellular oxidase (Davidson et al, 1938) in certain isolates was determined on 
tannic add agar (1.5% malt extract, 2% agar with 0.5% tannic acid. Nobles, 1948) or 
gallic add agar (0.5% gallic add). 
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RESULTS 
Variation in mitochondrial small subunit rDNA (mt-ssu-rDNA) sequences 
Aligned mt-ssu-rDNA sequences are listed in Appendix A. Absolute length 
for sequenced taxa ranged from 489-696 bp. Hie total aligned length of this data set 
is 734 bp with a GC content of 31.3-39.6%. There are several major gaps in the 
sequences among the species due to insertions and deletions. The aligned mt-ssu-
rDNA sequence can be divided into seven putative regions consisting of four 
relatively conserved regions and three hypervariable regions. Within relatively 
conserved regions, the absolute lengths of the taxa were similar and sequences were 
alignable, whereas, the sequence lengths of hypervariable regions varied 
considerably. Manual aligiunents were performed to match the highest similarity 
among the taxa in the hypervariable regions. 
Region 1, which includes base 1 to base 31, is a relatively conserved region. 
Region 2, which includes base 32 to base 133, is a hypervariable region ranging from 
8 bp (in Gloeoqfstidium ipidophilum) to 102 bp (in the clade with Dendrophora albobadia 
and Peniophora species) in length. Region 3 (base 134 to base 262) is a very conserved 
region of 122-127 bp. Region 4 (base 263 to base 370) also is a hypervariable region 
ranging from 25 bp (in Heterobasidion annosum) to 104 bp (in Stereum hirsutum). 
Region 5 (base 371 to base 570) is another conserved region of 176-195 bp. Region 6 
(base 571 to base 626) belongs to another hypervariable region ranging from 12 bp 
(in Phlebiopsis gigantea) to 56 bp (in Peniophora nuda) in length. The seventh region 
(base 627 to base 734) is the fourth conserved region of 100-105 bp. 
The major difference between the hypervariable and relatively conserved 
regions was the amoimt of indels (insertions/deletions) in the former. Excluding 
polymorphisms caused by gaps and missing sequences, there are 406 variable sites 
of 734 characters (55%) in the sequence data set. Out of 266 characters in the 
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hypervariable regions, 176 sites were variable, while 230 variable sites were found 
among the 468 characters in the relatively conserved regions. Only 8% of the 734 
characters varied within the dade containing Dendrophora albobadia, Peniophora 
species and nine beetle associates. 
Phylogenetic analysis 
Heuristic searches resulted in 1200 most parsimonious trees with length of 
1025 steps, a consistency index (CO of 0.628 and a retention index (RI) of 0.716. One 
of the shortest trees is shown in Fig 1. Most of these trees were due to minor 
differences in the Peniophora clade. When we kept only two beetle associates (species 
G and H) in the data set and excluded species A, B, C, D, E, F and Peniophora piihya, 
only two most parsimonious trees (length of 988, CI = 0.635 and RI = 0.643) were 
recovered (trees not shown). The taxa in these two trees had the topology shown in 
Fig. 1. Due to the great number of indels in the hypervariable regions, we also 
excluded all hypervariable regions from entire data set, and analyzed only the 
relatively conserved regions, with gaps coded as a fifth character. Only 24 trees 
were obtained (length of 711, CI = 0.623 and RI = 0.761), and these trees had a 
topology similar to those in Fig. 1. 
The most significant feature of the most parsimonious trees was a strongly 
supported, monophyletic clade (decay index 36, d36) consisting of Dendrophora 
albobadia, Peniophora species, the mycangial fungi from D. breoicomis, D. frontalis and 
P. comatus, and several fungi isolated from the pupal chambers of D. ponderosae and 
D. jeffreyi. Relationships among these fungi were not well resolved, and internal 
nodes for this "Peniophora dade" were not strongly supported by decay indices. 
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A weakly supported clade (dl) sister to the Peniophora dade consisted of 
Gloeocystidium ipidophilum ftx)m Ips typographus and Lmtinula boryana, which were 
sister to Pleurotus tuherregium (d2), an oyster mushroom (Tricholomataceae). 
Another dade (d3) consisted of the ambrosia fungus (sp. p from X. dispar, 
Antrodia carbonica and Meripilus giganteus. The ambrosia fungus had negative 
reactions on gallic and tannic add media, indicative of the brown rot mechanism of 
wood decay (Davidson et al, 1938). Antrodia carbonica and Meripilus giganteus are 
also brown rot fungi. The placement of this brown rot dade among the other 
Holobasidiomycetes is not dear. 
A strongly supported clade (d9) contained two imidentified bark beetle 
assodates, Phlebiopsis gigantea and Pulcherricium caeruleum. Placement of the 
mycangial fungus from D. approximatus (sp. 1) and spedes K from the pupal 
chambers of D. ponderosae in the Phlebiopsis gigantea subdade was very strongly 
supported (d20). The sequences of these three isolates were identical except three 
one-base indels (insertion or deletion). 
Oxyporus sp. was placed basal to the above four dades with bark and 
ambrosia beetle assodates (d2). A monophyletic dade containing Stereum hirsutum, 
Amylostereum chailletii and a spedes-pair, Russula compacta and Heterobasidion 
annosum, was placed basal to the entire tree when the tree was rooted with 
Hyphoderma praetermissum, a fvmctional outgroup. 
Extracellular oxidase 
Most of the tested bark and ambrosia beetle fungi, Peniophora nuda, 
Dendrophora albobadia, Phlebiopsis gigantea, Gloeocystidium ipidophilum and 
Amylostereum chailletii showed a brown diffusion zone on tannic and gallic add agar 
media emd are probably white rot fungi (Davidson et al, 1938). However, Xyleborus 
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dispar fungus (sp. p is probably a brown rot fungus due to lack of a brown diffusion 
zone on these media. 
DISCUSSION 
Phylogenetic relationships infeired A-om mt-ssu-rDNA sequences resolved 
the placements of the SPB and WPB mycangial fungi with the mycangial fungus 
Pityoborus comatus and several species from Dendroctonus ponderosa and D. jeffreyL 
These bark beetle associates were placed near Peniophora, a genus of wood decay 
fungi with wind-disseminated basidiospores. However, the relationships within the 
Peniophora clade were not well resolved. The identification (Fumiss et al., 1987) of 
the mycangial fungus from Pityoborus comatus as Hollermannia comiformis, a member 
of the Tremellales, appears to be in error. 
The cultural morphology of some of the species in the Peniophora dade 
resembled that of Entomocorticium dendroctoni, the type species for Entomocorticium. 
Species H was foimd to sporulate in the pupal chambers of D. ponderosa in 
ponderosa pine from Colorado, and its basidia and basidiospores were similar to 
those of E. dendroctoni. However, these two species were found to be distinct but 
closely related in another study (Chapter 4). Species G also fruited in culture and in 
the pupal chambers of D. ponderosae, and its basidia were similar to the other two 
Entomocorticium species, but it could be distinguished by its globose basidiospores. 
We believe that all the beetle associates in the Peniophora dade are members of 
Entomocorticium (Chapter 4). Entomocorticium dendroctoni was not induded in this 
study because there was no living culture available and we were not able to amplify 
the mt-ssu-rRNA region from the DNA extracted from dried field specimens 
(collected by Whjtney and stored at Natiu-al Resources Canada Pacific Forestry 
Center, Victoria, British Columbia). The genus Entomocorticium can be distinguished 
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ftom Peniophora by its short and broad sterigmata and inability to discharge 
basidiospores. Dendrophora can be distinguished from Peniophora based on its 
pigmented, thick-walled dendrohyphidia (Chamuris, 1987). 
The mycangial fungus of Dendroctonus approximtus (sp. D was isolated from 
two out of Hve beetle prothoraxes, a fairly high percentage considering that the 
beetles were frozen before isolation and the siuface sterilization was severe. Direct 
amplification of DNA extracted from whole D. approximatus using basidiomycete-
spedfic primers (TTSIF and rrS4B^ Gardes and Bruns 1993) detected the presence of 
the DNA of species I (Kelley, Hsiau and Harrington, impublished), which further 
supports our contention that this fungus is intimately associated with D. 
approximatus. This fungus produced oidia in culture, which prompted us to compare 
it to another oidia-produdng basidiomycete (species K, UAMH 4919) associated 
with D. ponderosa (Tsuneda et al, 1993) and to the common wood decay fungus, 
Phlebiopsis gigantea. The 491 bp-mt-ssu-rDNA sequences for species I from D. 
approximatus, species K from D. ponderosa and P. gigantea differ by three one-base 
indels. In another analysis (not shown), the ITS (internal transcribed spacers of the 
rDNA) sequences of species I and P. gigantea were identical. Species I differs from P. 
gigantea in slower growth and having conidia and hyphae of wider diameter. We 
(Chapter 4) have also foimd that the mycangial fungi of D. brevicomis and D. frontalis 
grow slower than the non-mycangial species of Entomocorticium. When grow in 
culture, tiiese highly specialized mycangial fimgi tend to exhibit the ambrosia-type 
growth observed in beetle galleries and mycangia, and they do not show rapid 
mycelial growth. 
Gloeocystidium ipidophilum was speculated to be related to E. dendroctoni by 
Whitney et al. (1987) but this was not supported by the mt-ssu-rDNA sequence data. 
Gloeocystidium ipidophilum was placed in the poorly supported clade containing 
so 
Lentinula boryam and Pleurotus tuberregium. Some members of Gloeocystidium have 
been transferred to Hyphodenm (Donk, 1962; Eriksson and Ryvarden, 1975), but the 
mt-ssu-rDNA sequences of G. ipidophilum was quite distinct from H. praetemissum. 
Our cultures of Gloeocystidium ipidophilum were isolated by Halvor Soheim (1992) 
from Norway spruce attacked by Ips typographus, and the fungus was reported to 
sporulate in the galleries of this bark beetle (Siemaszko in Poland, 1938). Hie 
morphology of the basidium is unique and difficult to distinguish from hyphae in 
culture, and these may actually be conidiophores. It is not clear if I. typographus 
feeds on G. ipidophilum or how closely associated the beetle and fungus are. 
Unlike the other beetle-associated basidiomycetes, the mycangial fungus from 
Xyleborus dispar, species J, appears to be a brown rot fungus and may be related to 
the genus Antrodia. Hiis ambrosia fungus is characterized by fast growth and 
production of chlamydospores in culture. Perhaps these dilamydospores serve as a 
food source for the ambrosia beetles. 
Two other wood decay fungi associated with insects were included in the 
analysis. Heterobasidion annosum was reported to be loosely associated with scolytid 
beetles (Baksfii, 1952; Himes and Skelly, 1972; Hunt and Cobb, 1982). Amylostereum 
chailletii, is a mycangial fimgus of the woodwasp Urocerus gigas (Redfem, 1989). The 
mt-ssu-rDNA sequences of these two fungi suggest that they are not closely related 
to the bark and ambrosia beetle associates we examined. 
According to our phylogenetic analysis of the basidiomycetes associated with 
bark and ambrosia beetles, we conclude that such associations have evolved at least 
four times. Dendroctoms frontalis and D. brevicomis are very closely related and have 
mycangial ascomycetes (Chapter 2) and basidiomycetes that are also closely related. 
The basidiomycetes are apparently the members of Entomocorticium (Chapter 4). 
However, the close relative of D. brevicomis, D. approximatus (Bentz and Stock, 1986), 
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was found to be associated with a very different basidiomycete, perhaps derived 
from a Phldriopsis-Wme spedes. 
Entomocorticium dendroctoni has short and broad sterigmata and lacks forcible 
discharge of basidiospores, an apparent adaptation for insect dispersal. We have 
found up to eight odier closely related species of Entomocorticium associated with 
bark beetles. According to our results, Entomocorticium species are closely related to 
Peniophora species, and we hypothesize that Entomocorticium species were derived 
from a Peniophora-hke ancestor. 
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Table vm. Isolate number/ beetle associates, substrates and location of origin of isolates used for DNA 
sequencing. 
Species Isolate number Associated beetle Tree host Location of oiiein Collectors 
Amylostereum chailletii B29 None® Larix occidentalis Oicgpn Davidson Sc 
R. Robertson 
Dendrophora albobadia B1029 (FP-101822-Sp) None Unknown Mississippi ICNakasone 
Gloeocystidium ipidophilum B1076 Ips typographus Picea abies Vestfold, Norway RSolhcim 
Hyphoderma praeUrmissum B76 None Picea rubens New Hampshire Harrington 
Peniophora pithya B1013 (HHB-9125-Sp) None Thuja occidentalis Michigan H. Btirdsall 
Phlebiopsis gigantea B115 None Picea rubens New Hampshire Haiington 
Sp>edes A B248 Dendroctonus frontalis Pinus sp. Texas Harrington 
Species B B892 D. brevicomis P. ponderosa California Hanington 
Species C B896 Pityoborus comatus P. ellioitii Florida J.Woo&M. 
Furniss 
SpcdesD B1040 D. ponderosae P. lambertiana California Hsiau 
Species E B1044 D. ponderosae P. contoria var. latifolia California Hsiau 
B1060 D. jeffreyi P. jeffreyi California Hsiau 
Species F B1048 D. ponderosae P. contorta var. latifolia California Hsiau 
Table Vm. Continued. 
Species Isolate number Associated beetle Tree host Location of oriidn Collectors 
SpedesG B1069 D. ponderosae P. ponderosa Colorado Hsiau 
SpedesH B1063 D. ponderosae P. ponderosa Colorado Hsiau 
Species I B1073 D. approximatus P. ponderosa Colorado Harrington 
Species J B267 (CBS 101.07) XyUborus dispar Unknown Unknown F.N^ 
Species K B1078 (UAMH 4919) D. ponderosae P. eontorta var. laiifolia Canada Tsunedartol. 
a Beetle association are not known for these taxa. 
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Fig. 15. One of the most parsimonious trees generated from mt-ssu-rDNA 
sequences of bark and ambrosia beeue associates and other Holo-
basidiomycetes. (Tree length = 1025 steps, CI = 0.628, RI = 0.716; 
base substitutions are shown above branches and decay indices are 
shown in d values below branches.) Taxa closely associated with bark 
or ambrosia beetles are indicated by an asterisk. 
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CHAPTER 4. DERIVATION OF A CLADE OF BARK BEETLE 
ASSOCIATED FUNGI FROM PENIOPHORA, A GENUS OF 
WOOD DECAYING BASIDIOMYCETES 
A paper to be submitted to Mycologia 
Portia Tang-Wung Hsiau and Thomas Harrington 
ABSTRACT 
In a previous study using the relatively conserved mitochondrial sequences of 
the small subunit rDNA, the basidiomycetes associated with the mycangia of three 
bark beetle species {Dendroctonus brevicomis, D. frontalis and Pityoborus cormtus) and 
other basidiomycetes associated with D. ponderosae were placed in a clade with 
species of Peniophora. To imderstand the evolutionary history of the beetle 
associates, phylogenetic analyses were conducted using the relatively variable 
regions of the nuclear rDNA, the internal transcribed spacers (ITS) and intergenic 
short spacer (IGS). The ITS data support our hypothesis that Entomocorticium is a 
monophyletic and recently derived group of bark beetle associates. Entomocorticium 
dendroctoni is the oiUy described species in this genus. Culture characters of eight 
undescribed Entomocorticium species are given, but only two of these form basidia 
and basidiospores in culture. Five of these new species were found to be associated 
with D. ponderosae, as is E. dendroctoni. The IGS data showed that E. dendroctoni and 
another D. ponderosae associate are in the same clade with the mycangial fungi of D. 
brevicomis and D. frontalis. The mycangial fungus of P. comatus and three other 
species associated with D. ponderosae are foimd to be sister to the £. dendroctoni clade. 
A species with globose basidiospores appeared to be basal to the Entomocorticium 
clade. Morphologically, Peniophora and Entomocorticium are similar. However, 
Peniophora species have wind-disseminated basidiospores and sterigmata typical for 
the Holobasidiomycetes. In contrast, Entomocorticium species have short and broad 
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sterigmata which are unable to forcibly discharge basidiospores. We suggest that 
Entomocorticium probably was derived from a Peniophora-Waz ancestor, with special 
adaptations for insect dispersal and for providing nutritional benefit to their vectors. 
INTRODUCnON 
Most wood decaying basidiomycetes are disseminated by wind, and only a 
few are noteworthy for their association with bark beetles (Coleoptera: Scolytidae). 
These insect-associated fungi rely on the adult beetles for dispersal to new tree hosts, 
where they grow in association with the developing beetle brood. Spores of these 
basidiomycetes must either adhere to the exoskeleton of the adult beetle, or the 
fungus grows within a special invagination of the adult exoskeleton, known as a 
mycangium. Some of the basidiomycetes associated with bark beetles have been 
reported to be of nutritional benefit to the beetle brood (Batra, 1967; Bridges, 1983; 
Coppedge et al, 1995; Tsuneda et al, 1993; Whitney et al, 1987). 
Based on our previous study of sequence analysis of the mitochondrial small 
subimit rRNA region (mt-ssu-rRNA, Chapter 3), up to four basidiomycete lineages 
have adapted to bark and ambrosia beetle associations. The mycangial fungus of 
Dendroctonus approximatus, a close relative of D. brevicomis LeConte (western pine 
beetle, WPB) and D. frontalis Zimmermann (southern pine beetle, SPB), and an 
arthroconidial basidiomycete (Tsimeda et al., 1993) associated with the pupal 
chambers of D. ponderosae Hopkins (moimtain pine beetle, MPB) were foimd to be 
closely related to Phlebiopsis gigantea, a common wood decaying basidiomycete. A 
second possible lineage is represented by Gloeocystidium ipidophilum, which was 
found to fruit in galleries of Ips typographus L The third lineage was represented by 
a brown rot fimgus isolated from the mycangivrai of the ambrosia beetle Xyleborus 
dispar, and this fungus was found to be related to Antrodia. The last group included 
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the mycangial fungi from D. frontalis, D. breoicomis and Pityoborus comatus 
Zimmermann, and several basidiomycetes from pupal chambers of D. ponderosae. 
These species were placed in a clade with Peniophora spedes and Dendrophora 
albobadia. Two of these beetle associates produced basidia and basidiospores in 
culture that were typical of the monotypic genus, Entomocorticium. 
The genus Entomocorticium is imusual among the Holobasidiomycetes in that 
it has short and broad sterigmata, and the basidiospores are not forcibly discharged 
for wind dispersal (Alexopoulos et ah, 1996; Whitney et ah, 1987). Rather, 
basidiospores lay on the top of collapsed basidia on the surface of the hymenium in 
the pupal chamber and are picked up by the adult beetle for dispersal. In order to 
examine the evolutionary history of this beetle-associated dade, we conducted 
sequence analyses of the internal transcribed spacer region (ITS, between nudear 
small and large subunit regions) and the intergenic short spacer (IGS, between 
nudear large subvmit region and 5S rRNA gene) of £. dendroctoni, related bark beetle 
assodates and representatives of Peniophora. 
MATERIALS AND METHODS 
Collection information of the isolates of the Entomocorticium spedes studied is 
fotmd in Table I. In addition, we sequenced the DNA of Peniophora spedes obtained 
from Forest Product Laboratory (USDA) in Madison, Wisconsin, induding P. 
aurantiaca (B1018, HHB-13096), P. cinerea (B1020, ME-593), P. duplex (B1022, DAOM-
31784-Sp), P. piceae (BlOlO, KJM-419-Sp), P. pithya (B1012, HHB-9125-Sp), P. pseudo-
pini (B1007, FP-133550-Sp) and P. rufa (B1014, RLG-2802-Sp). We also obtained a 
cultvire of Dendrophora albobadia (B1029, FP-101822-Sp), a close relative of the genus 
Peniophora. We obtained one isolate of P. pithya (FCUG 2226) from N. Hallenberg 
(University of Goteborg, Sweden) and extracted DNA of P. nuda (B1006, FPL-4756) 
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from D. Hibbett (Harvard University). The species of Peniophora selected for 
sequencing were based on sequence similarity to the bark beetles associates, using 
the nSl (internal transcribed spacer 1) and the nS2 (internal transcribed spacer 2) 
sequence data of Hallenberg et al (1996). 
The internal transcribed spacers (ITS) and 5.8 S rRNA gene were amplified 
using the polymerase chain reaction (PGR) with primers nS5 and nS4 (White et al, 
1990). The intergenic short spacer (IGS) was amplified with a new primer (PI, 5' 
TTG-CAG-ACG-ACT-TGA-ATG-G 3') and primer 5SRNA (5' ATC-AGA-CGG-GAT-
GCG-GT 3', R. Vilgalys, Duke University). Template DNA for amplification was 
obtained by directly saaping mycelium as described in Harrington and Wingfield 
(1995), except for DNA amplification of E. dendroctoni, which used extracted DNA 
(Taylor and Swann 1994) from basidiospores and basidiome tissue of a dried 
specimen collected by K S. Whitney (Canadian Forestry Service, B.C., Canada). We 
used two-stage PCR amplification (Baldwin, 1992) to generate single-stranded PCR 
products for sequencing. Single-stranded PCR products were purified and 
concentrated using Microcon 100 ultrafilters (Amicon, Beverly, MA). DNA 
sequencing utilized sequenase 2.0, and fragment separation was conducted as 
described in Wendel et al. (1995). The sequencing primers ITSS, ITS3, ITS4 and ITS2 
(White et al, 1990) were used for the ITS region, and 01 (Anderson and Stasovski, 
1992) and PI were used for the IGS region. 
Sequences were aligned using CLUSTAL V (Higgins et al, 1992) followed by 
manual adjustments. Phylogenetic analyses were conducted using PAUP 3.1.1 
(Swofford, 1993). Heuristic searches were performed with random sequence 
addition followed by TBR swapping with MULPAR on. Gaps were treated as 
missing characters. Branch supports were obtained using bootstrapping (PAUP 
64 
3.1.1), and determined by decay indices using AUTODECAY 3.0.3 (Eriksson and 
Wikstrom, 1996) in conjunction with PAUP. 
A large collection of isolates of the mycangial fungi of SPB and WPB were 
available. Thirteen SPB isolates (B17, B248, B322, B348, B408, B419, B709, B710, B711, 
B712, B717, B721 and B722) and ten WPB isolates (B317, B884, B885, B887, B888, B889, 
B892, B893, B894 and B895) were selected to cover a range of geographic distribution 
(Table 1). Genomic DNA was prepared as described by Lee and Taylor (1990) for 
PGR amplification. Primers ITS5 and ITS4 were used to amplify the ITS region, and 
primers CLR12 (a shortened version, Harrington and Wingfield, 1995) and 01 were 
used to amplify the ICS region. Polymorphisms in DNA restriction sites were 
examined by digesting PGR products with HindUL (Promega) following the 
directions supplied by the manufacture and Harrington and Wingfield (1995). 
Representative isolates of species of bark beetle associates were examined for 
their morphological characters and growth rates. Golony diameters were measiured 
after 8 or 26 days on MYEA plates (2% malt extract, 0.2% yeast extract and 1.5% 
agar) at room temperature. 
RESULTS 
The internal transcribed spacers and 5.8 S rRNA gene (ITS) 
Phylogenetic analyses of the ITS sequences suggest that the beetle associated 
fungi form a single, robust clade, closely related to but separated from Peniophora 
species. Aligned ITS sequences are listed in Appendix B. The ITS sequences of 
Entomocorticium sp. D and Entomocorticium sp. E are identical, although we observed 
differences in cultural morphology between these two species (Table H). Two 
isolates of Entomocorticium sp. F (B1048 and B1050) differ in a transition change and a 
one-base nucleotide indel (insertion/deletion) in their ITS sequences, and two 
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isolates of Entomocorticium sp. G (B1067 and B1068) also differ in two single-base 
indels. The other beetle-assodated species showed no variation in their ITS 
sequences, and only a representative sequence of each was used in the analyses. 
The total aligned region of the ITS sequence is 562 bp in length, and absolute 
lengths range from 545 bp to 551 bp, with a GC content of 49-52%. The absolute 
length of nSl ranges from 193 bp (in P. piceae) to 199 bp (in P. pithya, B1012). The 
absolute length of the 5.8S gene is from 157 bp (in Entomocorticium sp. F) to 159 bp 
(in most taxa). The absolute length of nS2 ranges from 192 bp (in P. aurantiaca and 
P. pseudo-pint) to 198 bp (in Entomocorticium sp. G). Excluding the polymorphisms 
caused by gaps, 31 % of the positions varied in ITSl and 30 % of the positions varied 
in ITS2, and 4% of the positions varied in the 5.8S gene. 
Phylogenetic analysis of ITS sequences 3delded 36 most parsimonious trees 
with a branch length of 224 steps, a consistency index of 0.665, and a retention index 
of 0.670. One of the most parsimonious trees is shown in Fig. 1. Dendrophora 
albobadia was chosen as an outgroup because it is morphologically similar to 
Peniophora, other than the presence of dendrohyphidia (Chamuris, 1987). 
The m!ost significant feature of the ITS tree was a strongly supported clade 
(decay index of 4, bootstrap value of 95%) that included all the beetle-associated 
Entomocorticium species and Peniophora pithya (FCUG 2226). The relationships 
among the beetle associates were not well resolved. The mycangial fungus of 
Dendroctonus frontalis, Entomocorticium sp. A, was placed as a sister taxon to 
Entomocorticium sp. H, a fungus found fruiting in the pupal chambers of D. 
ponderosae. All the tested isolates of Entomocorticium sp. D and sp. E had identical 
ITS sequences regardless of the beetle associate or tree host. 
Aside from P. pithya isolate 2226, the Peniophora species served as an outgroup 
to the Entomocorticium clade (Fig. 1). The other P. pithya isolate (B1012) was placed 
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sister to P. rufa (d3,67%). Peniophora piceae and P. pseudo-pini were placed as sister 
taxa, while P. nuda and P. cinerea were another species pair. Generally, the clades in 
Peniophora were not strongly supported. 
Each isolate of Entomocorticium sp. A and Entomocorticium sp. B produced a 
single ITS PGR product of 670 bp for the ITS spacers (including the 5.8S rRNA gene). 
Restriction of the ITS product with HindUl yielded two fragments of 190 and 490 bp 
in all of Entomocorticium sp. B isolates tested, but there was no restriction of this 
region with Entomocorticium sp. A isolates. The PGR product from the IGS short 
spacer region showed length polymorphisms between Entomocorticium sp. A and 
Entomocorticium sp. B species, but no variation was found within die spedes. The 
length of IGS product is 580 bp in all of Entomocorticium sp. A isolates but 550 bp in 
all of Entomocorticium sp. B isolates. 
The intergenic short spacer (IGS) 
Aligned IGS sequences are listed in Appendix C. The IGS sequences varied 
greatly between the Peniophora and Entomocorticium species. Three Peniophora 
species (P. duplex, P. nuda and P. piceae) and Dendrophora albobadia were initially 
included in the IGS data set. Each of these four taxa was used individually as an 
outgroup, but the ingroup topology was similar in each case. Of these four taxa, the 
ITS sequence analysis showed P. piceae to be closest to the ingroup, so it was chosen 
as the outgroup taxon in the final IGS analysis. The sequence variation excluding 
gaps was 29%. No variation in IGS sequences was found within the species 
analyzed. The total aligned sequence length of IGS was 333 bp, with a GC content of 
48-50% and absolute lengths ranging from 284 bp to 310 bp (in Entomocorticium sp. B 
and Entomocorticium sp. C, respectively). 
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With P. piceae as the outgroup, four different gap-<»ding treatments were 
conducted prior to phylogenetic analyses of IGS data. Initially, gaps were treated as 
missing characters, and three most parsimonious trees were recovered (length of 103 
steps, Q = 0.922, RI = 0.814). Secondly, each gap was coded as a binaiy character 
(presence or absence), in addition to treating the gaps as missing characters. Again, 
three most parsimonious trees were recovered (length of 144 steps, Q = 0.903, RI = 
0.754) with topologies similar to those obtained from the previous treatment The 
third treatment deleted all gaps, and this resulted in two trees (length of 89 steps, Q 
= 0.944, RI = 0.865) with ambiguous placement of Entomocortidum sp. A, sp. B and E. 
dendroctoni. Lastly, the gaps were deleted and recoded as binary characters, and this 
resulted in 8 trees (length of 130 steps, CI = 0.915, RI = 0.784) with poor resolution of 
most of the Entomocortidum species. Placement of Entomocortidum species became 
more ambiguous when gaps were deleted, with or without coding, apparently due 
to loss of informative sites. In all four gap-coding treatments, Entomocortidum sp. G 
was basal to the rest of the Entomocortidum species. One of the three most 
parsimonious trees generated with the gaps treated as missing characters (without 
gap coding) is shown in Fig. 2. The incongruence among the three trees was mainly 
in the placement of E. dendroctoni and Entomocortidum sp. B. 
The IGS sequence of Entomocortidum sp. G varied substantially from the other 
Entomocortidum species and appeared to be basal to the genus (Fig. 2). As in the ITS 
sequences, the IGS sequences of Entomocortidum sp. D and sp. E were identical. In 
contrast to the ITS data, this species pair appeared to be sister to species C (decay 
index of 2, bootstrap value of 80%), and species F was basal to species C, D and E 
(dl, 69%). This subclade, consisting of Entomocortidum species having no known 
sexual stages, is sister to the other strongly supported (d4,91%) subclade consisting 
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of the mycangial basidiomycetes, species A and and two Entomocortidum species 
with ellipsoid basidiospores (£. dendroctoni and species H). 
Culture characteristics 
The culture morphology of the bark beetle associated fungi varied 
significantly, allowing for the delimitation of eight undesaibed species (Table D). 
The culture morphology of the SPB and WPB mycangial basidiomycetes (sp. A and 
sp. B) differed strongly. The coloiues of isolates of Entomocortidum sp. B were brown 
to light gray-brown and velvety to crustose, with radially striate grooves on MYEA, 
and their colony diameters were oiUy 19-27 mm after 26 days. Isolates of 
Entomocortidum sp. A were brown and velvety on MYEA, and reached diameters of 
67-75 mm after 26 days. 
The morphology of Entomocortidum sp. D and sp. E differed in mycelial 
pigmentation and texture. The isolates of Entomocortidum sp. D from sugar pine 
iPinus lambertiana) were originally downy and aeamy white but became brown after 
several weeks. The isolates fi'om P. jeffreyi and P. contorta var. latifolia (sp. E) were 
velvety to farinaceous and more reddish-brown than those from Pinus lambertiana. 
However, the growth rates of Entomocortidum sp. D and sp. E were similar, and their 
ITS and IGS sequences were identical. 
DISCUSSION 
The data suggest that the clade of bark beetle associates are derived from 
Peniophora, a genus of wood decay fungi \ 'i Ji wind-disseminated basidiospores. 
Apparently, these Entomocortidum species produce basidia and basidiospores or 
ambrosial growth in the pupal chambers for acquisition by the young adult beetles. 
The genus Entomocortidum can be distinguished from Peniophora by its short and 
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broad sterigmata, which do not forcibly discharge basidiospores. The basidiospores 
of the Entmocorticium species, where known, are thick-walled and ellipsoid or 
globose and can adhere to the beetle cuticle because of their hydrophobic nature 
(Whitney et aU, 1987). Otherwise Entomocorticium and Peniophora are 
morphologically similar, including their similar cystidia. 
Spacer regions of rDNA sequences usually are more useful than protein 
coding DNA sequences for estimating relationships at lower taxonomic levels 
because they contain more informative sites (Suh et al, 1993). The ITS resolved most 
of the relationships among the Peniophora but failed to resolve relationships among 
the Entomocorticium species. The relationships seen among the Peniophora species 
generally agree with the phylogenetic studies of Hallenberg et al. (1996), except for P. 
rufa. Peniophora rufii appeared to be basal in the ITS2 tree of Hallenberg et al. (1996), 
but it was shown to be more derived than most of the Peniophora spedes in our 
study. 
The ITS data placed £. dendroctoni and species B, C, A and H in the same 
subdade, but placement of the other beetle assodates was not well resolved. 
Entomocorticium sp. A and sp. H were strongly supported to be sister taxa. In 
contrast to the Peniophora dade (Fig. 1), the short ITS branch lengths within the 
Entomocorticium group suggest that the bark beetle assodates are probably recently 
derived. 
Although the ITS data did not clearly resolve relationships among the 
Entomocorticium spedes, the IGS sequence analysis resulted in better resolution. The 
IGS data showed that Entomocorticium sp. G, witti globose basidiospores, was basal 
to the rest of Entomocorticium spedes. Entomocorticium sp. H and E. dendroctoni, 
which have ellipsoid basidiospores, were in the same subdade with the mycangial 
basidiomycetes of SPB and WPB (spedes A and B, respectively). The most 
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significant disagreement between the ITS and IGS analyses was in the placement of 
the mycangial fungus of Pityoborus cormtus (species C), which was placed in the E. 
dendroctoni dade by ITS analysis but was placed sister to species D and E by IGS 
analysis. 
Although the morphological comparison between E, dendroctoni and 
Entomocorticium sp. H showed overlapping size ranges in their basidiospores, the ITS 
and IGS sequences showed that they differ. No pure culture of £. dendroctoni was 
available, so we amplified DNA extracted from a dried specimen. It is possible that 
the DNA amplified and sequenced was that of another Entomocorticium species. 
However, morphological characters of the specimen fit the description of E. 
dendroctoni Whitney et al (1987). 
Both ns and IGS analyses support our contention that the Entomocorticium 
clade is relatively yoimg, monophyletic and sister to the Peniophora dade. However, 
an isolate of P. pithya (FCUG 2226 from Piceae abies in Turkey by J. Eriksson), was 
placed in the Entomocorticium clade by the ITS data, imlike the other tested isolate of 
P. pithya (B1012). Isolate 2226 was basal to the Entomocorticium dade based on ITS 
sequence analysis. We were unable to amplify the IGS region for this isolate. One of 
the two P. pithya isolates appears to have been misidentified. 
The genus Entomocorticium is unusual among the Holobasidiomycetes in its 
inability to discharge its basidiospores, an apparent adaptation for insect dispersal. 
The beetle assodates apparently acquire spores of Entomocorticium from the pupal 
chambers and introduce the spores to a new tree host diuing beetle attack. These 
basidiospores also appear to serve as a food source for the beetles (Whitney et al, 
1987), and the mycangial fungus of the SPB and WPB {Entomocorticium sp. A and sp. 
B respectively) produce swollen hyphal cells in the pupal chambers for feeding by 
the beetles. At least three of the Entomocorticium spedes have been assodated with 
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mycangia and apparently grow inside these highly-specialized structures. 
Basidiospores have not been observed in these mycangial spedes, so the ambrosial-
like growth in the pupal chambers may be suitable material for entrance to the 
mycangiuRL These mycangial species also grow slower than the other 
Entomocorticium spedes, perhaps indicative of their more specialized habitat. 
The mycangium of D. ponderosae does not select for the grow& of specific 
fimgi (Whitney and Farris, 1970). There are at least sbc Entomocorticium species, an 
arthroconidial basidiomycetes, and two Ophiostoma species (O. clavigerum and 0. 
montium that are fed upon by D. ponderosae (Chapter 3; Tsimeda et al, 1993; Whitney 
et al, 1987; Whitney and Farris, 1970). Thus, D. ponderosae does not appear to 
associate with specific fungi, in contrast to D. frontalis and D. brevicomis. 
Otu: initial hypothesis of co-evolution of bark beetles and the Entomocorticium 
species was not supported by our data. The Entomocorticium species have been 
found associated with bark beetles in both Dendroctonus and Pityoborus. Although 
SPB and WPS are closely related and have closely related mycangial ascomycetes 
( Chapter 2) and basidiomycetes, their close relative, D. approximatus (Bentz and 
Stock, 1986), carries an imrelated basidiomycete in its mycangium (Chapter 3). The 
basidiomycete from D. approximatus is related to Phlebiopsis gigantea, as is an 
arthroconidial basidiomycete (Tsuneda et al., 1993) associated with D. ponderosae. 
The genus Entomocorticium appears to have arisen as a monophyletic group of bark 
beetle associates, but recent radiation of species may have occurred after the genera 
of bark beetles developed. Other basidiomycetes have evolved similar and perhaps 
competing associations with Dendroctonus spedes. 
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Table IX. Beetle associate, tree host and location of isolates of eight Entomocorticium species used in this study. 
Isolates Beetle associate Tree host Location Isolated by 
B248ab Dendroctonus Pinus sp. Angelina National Forest, Texas Harrington 
frontalis 
B17, B319^ D. frontalis P. Strongville, Mississippi Harrington 
8322 D. frontalis P, ffffffff Crockett National Forest, Texas Harrington 
83483 8408 D. frontalis P. Bude^ Mississippi Harrington 
8419^ D. frontalis P. taeda Catahoula Ranger District, Harrington 
Louisiana 
8709-8711®^ D. frontalis p. tarda South Carolina P.Zambino 
8712, 8717, 8721, 8722® D. frontalis P. taeda Rapides Parish, Louisiana P.Zambino 
810323 D. frontalis Pinus sp. Louisiana ICKlepzig 
8317ab D. brevicomis Pinus sp. Southern California D.Owen 
888431' D. brevicomis P. ponderosa Santa Barbara, California Harrington 
8885, 8887-8889, 8890® D. brevicomis P. ponderosa Blodgett Research Forest, Harrington 
88923b, 8893, 88943b, California 
B895'' 
Table IX. Continued. 
Species Isolates Beetle associate Tree host Location Isolated bv 
B B1035ab B1036ab D. brevicomis 
A 
Pinus sp. Riverside Co., California Hsiau 
B1038a*» 
C B896ab Pityoborus comaius P. elliottii Florida M. Fumiss 
D 81039^, B1040a^ BKMl^ D. ponderosae P. lambertiana San Bernardino Co., California Hsiau 
E 81043* D. ponderosae P. contorta var. latifolia Inyo National Forest, California Hsiau 
B1060® B106ia^ D. jeffreyi P. jeffreyi Mammoth Lake, California Hsiau 
F B1048ab BlOSO^b D. ponderosae P. contorta var. latifolia Inyo National Forest, California Hsiau 
BlOSiab 
G 81067® B1069®b D. ponderosae P. ponderosa Estes Park, Colorado Hsiau 
H B1063ab D. ponderoMe P. ponderosa Estes Park, Colorado Hsiau 
a Isolates sequenced for ITS . 
^ Isolates sequenced for IGS. 
Table X. Morphological characteristics and growth rate of eight Entomocorlicium species and £. dendroctoni. 




























67-71 velvety; brown 
75 velvety; brown 
25-26 velvety and cnistose with ladially striate grooves; brown to 
light gray-brown 
19-27 velvety and cnistose with radially striate grooves; brown to 
light gray-brown 
ND^ downy; creamy yellow 
ND downy; creamy white and striate when youn^ becoming light 
brown with age 
ND downy; creamy white and striate when young, becoming light 
brown with age 
ND velvety to farinaceous; creamy yellow to reddish-brown, not 
striate 
ND velvety to farinaceous; creamy yellow to reddish-brown, not 
striate 
Table X. Continued. 
Spedes Isolate Number Basidiospore size 
Oim) Colony Diameter (mm/Bdavs) ulony Diameter (mm/26 days) Colony Morphology 
E B1060 NA 66 ND velvety to feirinaceous; creamy yellow to dark reddish-brown, 
not striate 
B1061 NA 64 ND velvety to forinaceous; creamy yellow to dark reddish-brown, 
not striate 
F B1048 NA 31-36 ND velvety with patches of aerial mycelium and azonate to zonate; 
brown 
B1050 NA 21-24 ND velvety with patches of aerial mycdium and azonate to zonate; 
brown 
G B1067 6.0-9.0 X 4.0^.0 42-50 ND downy and later becoming chamois-like; pinkish cream to brown 
B1069 6.0-9.0 X 6.0-9.0 44-49 ND downy and later becoming chamois-like; pinkish cream to brown 
H B1063 8.0-14.0 X 4.0-6.0 71 ND felty; creamy white 
E. dendroctoni^ 7..0-12.0 X 4.0-6.0 ND ND smooth surfoce; liizht tan 
3 NA : basidiospores have not been observed. ^ND : Colony diameter was not determined. 









21 Entomocorticium sp. G B1067 
trom D. ponderosae 
Entomocorticium sp. G B106 
from D. ponderosae 
3 Entomocorticium sp. C 
from Pityoborus comatus 
Entomocorticium dendroctoni 
from D. ponderosae 
Entomocorticium sp.B 
from O. breoicomis 
Entomocorticium sp.H 
from D. ponderosae 
Entomocorticium sp.A 
from O. frontalis 
Entomocorticium sp.FB1048 
from D. ponderosae 
Entomocorticium sp.FB1050 
from D. ponderosae 
21 Entomocorticium sp.D 
from D. ponderosae 
Entomocorticium sp.E 
from D. jeffreyi 
Peniophora pithya 2226 
23 PenibpAoniptY^a B1012 
Peniophora rufa B10014 
Peniophora pseudo-pini B1007 
Peniophora piceae B1010 
Peniophora nuda B1006 
Peniophora cinerea B1020 
dl, 83% 14 
•——— Pentop/tors ouranfioca B1018 
Peniophora duplex B1022 
Dendrophora albobadia 
Fig. 16. One of 36 most parsimonious trees firom the intenial transaibed 
^acer and 5.8S rDNA sequences of Peruophora and Entomocorticium species. 
Tree length = 224 steps, Cl = 0.665, RI = 0.670; base substitutions are shown 
above branches, and decay indices (d value) and bootstrap values (%) are 
shown below brandies. 
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dl, 61% 
J Entomocorticium sp.G 




Entomocorticium sp. D 
from D. ponderosae 
Entomocorticium sp. E 
horn D. Jeffrey i 
Entomocorticium sp. C 
from Pitydborus comatus 
Entomocorticium sp. F 
from D. ponderosae 
3 Entomocorticium dendroctoni 
from D. ponderosae 
8 
d4,91% 4 Entomocorticium sp. B from D. brevicomis 
5 Entomocorticium sp. 
H from D. 
ponderosae 
di,5i% 
J Entomocorticium sp. A 
from D. frontalis 
55 
Peniophora piceae 
Fig. 17. One of three most parsimonious trees from the intergenic short 
spacer sequences of Peniophora. and Entomocorticium species. 
Tree length = 103 steps, CI = 0.922, RI = 0.814. Base substitutions 
are shown above branches, and decay indices (d value) and 
bootstrap values (%) are shown below branches. 
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CHAFEER 5. GENERAL CONCLUSIONS 
General Discussion 
The mycangial hyphomycete from Dendroctonus brevicomis (western pine 
beetle) is described as the ascomycete Ceratocystiopsis bremcomi, which is dose to, 
but distinct from C. ranaculosus from D. frontalis (southern pine beetle) based on 
morphological characters, mating studies and isozyme analysis. Ceratoq/stiopsis 
collifera isolated from D. valens infested pine in Mexico by Marmolejo and Butin 
(1990), is foimd to be similar to C. ranaculosus and may be synonymous. 
Nudear libosomal DNA has proven to be a powerful phylogenetic tool 
because it is present in all oigaiusms with a high copy number (Hamby and 
21immer, 1991). Different regions of ribosomal DNA have different rates of 
sequence change, and these regions can be used to examine phylogenetic questions 
at different taxonomic levels (Baldwin, 1992; Zimmer et al, 1989; Hamby and 
Zimmer, 1991). Comparison of the sequences of the mitochondrial small subimit 
rRNA region obtained from Hibbett and Donoghue (1995) suggests that the 
basidiomycetes from D. brevicomis, D. frontalis, D.jeffreyi, D. ponderosae and 
Pityohorus comatus are dose to the genus Peniophora. The data also suggest that the 
mycangial fungus from D. approximatus and the arthroconidial fungus from D. 
ponderosae are dosely related to Phlebiopsis gigantea, and the mycangial fungus from 
Xyleborus dispar is dosest to the genus Anlrodia. The relationship of Gloeocystidium 
ipidophilum from Ips typographus is not resolved due to lack of dosely related fungi 
in the data set, but its sequence placed it in the same dade with the mushroom 
forming Pleurotus tuberregium and Lentinula boryana. Co-evolution between bark 
beetles and basidiomycetes is not supported because the close relative of D. 
brevicomis and D. frontalis, D. approximatus, carries a mycangial fungus which is not 
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dosely related to those of the other two bark beetle spedes. Dendroctonus ponderosae 
assodates with at least two different groups of basidiomycetes, Entomocorticium 
spedes and Phlebiopsis spedes (Tsuneda et al, 1993; Whitney et al, 1987). 
Entomocorticium spedes have been fovmd to associate with the mycangia of 
Dendroctonus spedes, and Pityohorus comatus. It is suggested that the 
basidiomycetes have evolved assodations with bark and ambrosia beetles at least 
four times. 
The sequences from the internal transcribed spacers and the intergenic short 
spacer of the nudear rDNA further assodate the fungi from mycangia of D. 
brevicomis, D. frontalis, D. ponderosae and P. comatus with the genus Entomocorticium 
and suggest that this group of fungi are recently derived from the genus Peniophora, 
a genus of wood decaying fungi with wind-disseminated basidiospores. 
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APPENDIX A. AUGNEDMT-SSU-RDNA SEQUENCES 
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Speci«s_H froa D._poiiduroa*e AATAAACAAAATAAMTAAAAAA6TAAGATAAGGTAAAGGATAATTATGA [146] 
Sped** B from D. bnvieomla AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATCA [148] 
Species~A~from~0._frone«iis AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Species C from_Pltyo. coaataa AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Species~G~from D._pondero3a» AATAAACAAAATAAAATAAAAAAGTAAGATAAG6TAAAGGATAATTATGA [148] 
Species vTftotiTD.jponderoaae AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Species~E2£ronrO-_pondarosas AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAA6GATAATTATGA [148] 
Species_E_£coni 0.~ja/fr«yi AATAAACAAAATAAAATAAAAAAGTAAGATAACGTAAAGGATAATTATGA [148] 
Species_F from'O.'ponderosae AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Panlophorl_pithy* AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Peniophora nuda AATAAACAAAATAAAATAAAAAAGTAAGATAAGGTAAAGGATAATTATGA [148] 
Dendrophora_albobadla AATAAACCAAATAAAATAAAAAAGTAAGATAAGGTAGAGGATAATTATGA [147] 
Oxyporus_sp. ATTGATAACGTAAGGIAAA ATAATGA [70] 
Species_J_frcm_Xyiel>orus diapar AGATGTCGTAAGGGAAAATAATGA [81] 
Antrodla_carbonica ~ AGATGTCGTAAGGGA-AATAATGA [69] 
Heripilua giganteua GATAACGTAAGGGA-AATAATGA [69] 
Pulcherrlcium_caeruleum GAGATAAGGTAAGGGA-AATAATGA [66] 
PJeurotua tuberregrium GTGGTGATTGATAAGGTGTAGGGAAAAAATGA [100] 
Lentinula~boryana GCGGTGAAATGCGATAATGTAAAGGACAAATATCA [100] 
Species_I~£roiii_0._approKiniatus TTAAAAAGATAAGGTMGGGA-AATMTGA [60] 
Species_K from D._ponderasaa —— TTAAAAAGATAAGGTAAGGGAAAATAATGA [59] 
Phlebiopala gigantea TTAAAAAGATAAGGTAAGGGA-AATAATGA [60] 
Gloeocy3tl<nua_ipldophllum AAGATAGCGTA<\33GAAATATATGA [44] 
Ruasula compacta AAAATAATTGATAACATAAGGGA-AATAATGA [64] 
Ainyloatiraum_ehallletli ACATATAAATATTGATTGATAACGTAAGGGA-AATTATGA [73] 
Heterobaaldlon_annoaua AAATAATAGATTGATAACGTAnuGGA-AATAATGA [68] 
Hyphoderma praatacmlasam — AATAGTGAGAG-TAATAATGA [67] 
storeum hilautum GATTCGATATGTAAGGCAAAATAATGA [83] 
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Sp«ci«a H from D._pondmros*» GAATAATCTACTAACAATTAATAC-AATAGC-ACGTTAAGTTCATT-GTA [324] 
Speci«s~B~froa~0. bnvieomls GAATAATCTACTAACAATTAATAC-AATAGG-ACGTTAAGTTCATT-GTA (324) 
Specl«s~A~from D. frontMllM GAATAATCTACTAACAATTAATAC-AATAGG-ACGTTAAGTTCATT-GTA [324) 
Specl«s~C~from~PiCyo. comatas GTATAATCTACTAACAATTAATAC-AATAGG-ACGTTTAGTTCATT-GTA (324) 
Species"G"f rora_0._ponderosae GAATAATCTACrAACAATIAATAC-AATAGG-ACGTTTAGTTCATTTGTA (325) 
Species~D~f rom_fl ._pon<t«rosae GAATAATCTACTAACAATTAATAC-AATAGG-ACGTTTAGTTCATT-GTA (324) 
Specie»_E_frora_I). ponderosae GAATAATCTACrAACAATTAATAC-AATAGG-ACGTtTAGTTCATT-GTA (324) 
Species E_from 0.~jaffreyi GAATAATCTACTAACAATTAATAC-AATAGG-ACGTtTAGTTCATT-GTA (324) 
Specles2F_from~0._pondero5<e GAATAATCTACTAACAATTAATAC-AATAGG-ACGTTTAGTTCATT-GTA (324) 
Paniophoca_pitKya GAATAATCTACTAACAATTAATAC-AATAGG?ACCrTTAGTTCATT-GTA (325) 
Peniophora nuda TT7TCTACtAACAATTACTAC-AATTAC-AA CCATT-GTA (314) 
Dendrophora_albobadia GAATAATCTTCTAACAAATAATA CAATTTATT-GTA (311) 
Oxyporus sp. — TTTATT-- TTTTT—— —AAT-TT-AAA (206) 
SpeciesJS_(rom_Xyleborus_dlspar ATATTAGCTCCGCG—ATAAA ——-——-———— (225) 
Antrodla_carbonica AATATAGCCAAA GTAAA — — (211) 
Maripilus_giganteus AT AGC CAAAGTAAA — (211) 
Pal charrI ci un_caarul sun AGCTCAT-TTTACCTAAAITTT—-—-—-—-TTAGGT—TT-G-A (226) 
Plaurotus_tubarragium T CTGTTTTTAATTAA — ---ATAGTAGAA (242) 
Lantlnu2a~boryana TTAT-— ATAGCT (228) 
Specles_I_from_D._approxi/Mtus — — (178) 
Specles_K froni_D._pondarosaa — (177) 
PhlabiopsTs gigancea (178) 
GloeocysCl<iltm_ipidophilim GTTCT-GCTAATTGATATTTTTA-GAATT—ATTTTATTAATATTAAGAC (217) 
Russula_compacta A AAAA™— TrAATAAG-TTAAGA- (208) 
Aaylost»reua_challlatll TCTTTTC-CAAGTAATT-AGATA ATTAA (217) 
Hetarobasidlon annosua TAT—™ —AAAACT— (197) 
Hyphodarma praatarmlssum TTATT-CCTTA GTACT ATATAGAACAATTA TAAA (225) 
SCersu/n hirsutu/n TTTAAATTTGGTTTAAATTAATAAAAATTATATAAAAATAAGAAGGTTAA (278) 

















Meripi 1 us_giganteus 
Pulcherricium_caeruleum 




























ATGAAA-TAAAG—TAA~GCTAGAATCAAATAGAGGGGAAACCAAATAA [ 287 j 
ATCAATATATAGAA-CATTGAGGATAA-GCCGAATAA [263] 
AAAATAGAAGAAGATAGAATCTAG TAGAGGTCAATA—ACAAATAA [222] 
AAA-TAGAAGAAGATAGAATCTAG TAGAGGTCAATA—ACAAATAA [ 220 ] 




AAAAGCTAGAATCAAATAGAGGTTATATTACATAA [ 232) 
R TTGTA-TTAAA-GCTAGAATCAAGAAGAGGTTAAA ATAA (263] 
AGAGAGAAACAA-TTAAA-GCTAGAATCATAAAGAGGTCATATTGAATAA [326] 
88 
[ 410 420 430 440 450] 
Sp«cl*« H eroB D._p0ndme0Mam TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA [420) 
Sp«cl««_B from D, bravleomls TACTTAAAC AA6GGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420) 
Speci**_A~from~0.~front«ii5 TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420] 
Spades C from_Pityo. eomatas TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420] 
Specl«s~G~froffl D. ponderossa TACTTAAAC AAGGGGTCATATCCTGAAA6ATTA-AGTAGAATACTAA [421] 
Species trCtOttTD.jponderosae TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420) 
Specles~E~f ron~0 ,_ponderoaae TACTTAAAC AAGGGGTCATATCCT6AAAGATTA-AGTAGAATACTAA (420 ] 
Specles~E~fron~0. jeffreyl TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420) 
Speciea~F~from~ D.~ponderosae TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (420) 
Paniophori_picHyj~ TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (421) 
Penlophora_nuda TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (410) 
Dendrophora albobadia TACTTAAAC AAGGGGTCATATCCTGAAAGATTA-AGTAGAATACTAA (407) 
Oxyporus spT TGGT AGGGTTGGTAACTTGAGATCCTA-AGTAGAATACTAC [294] 
Species 3_frora Xyleborus dlspar TACTTAGAG GAGGGATTAAATCCTTAGATCCTA-AGGGGAATACTTA (318) 
Antrodia_carbonlca TACTTAGAGGA GGGATTAAATCCGTAGATCCTA-AGGAGAATACTAA [303] 
Herlpllus_glganteus TACTTAGAG GAGGGATTAAATCCTTAGATCCTAGAGGGGAATACTAA [305) 
Pulcherriclum caeruleum TACTTAGAG TAGAGTTCTAATTCATATATACTA-AGTAGAATACTAA [320] 
Pleurotus_tuberreglum TACTTAGAG TAGGGATGATATCCATAGATACTA-AGGGGAATACTAA [333] 
Lentinula_boryana TGCTTAGAG TAGGGAT-AAATCCTTAGATACTA-GGTGGAA-ACTAA [307] 
Species I'from D._approxinMtus TGCTTAGAG TAGGGTTAAAATCCTTAGAAACTACAGTGGAATACTAA [269] 
Species~K~from~0. ponderosae TGCTTAGAG TAGGGTTAAAATCCTTAGAAACTACAGTGGAATACTAA [267] 
Phleblopsls gigantea TGCTTAGAG TAGGGTTAAAATCCTTAGAAACTACAGTGGAATACTAA [268] 
Gloeocystldlum_lpldophllum TGCTTAGAG TAAGGTTTATATCTTTAGATACTA-GGTAGAGTACTTA (311) 
Russula compaota TGCTTAGAG TAGGTCTGATATCCTTAAATACTA-AGTAGAATATTAA [291] 
Amylostereum ehallletll TGCTTAAAG TAGGTCTAATATCCTAACAGATTA-AGTGGAATATTAA (299) 
Heterobasldion annosum TACTTAGAG TAGGTCTTATATCCTTAGATACTA-AGGGGAATATTAA (278) 
Hyphodermapraetermlssum TATTTAGATCT-AAA—TTGACAATCGTAAATCTTA-AGTAGAATACTAA (309) 
Stereum_hlrsutum T-CTAAGACTATAAGGGCTGATATCTTAAGATACTT-GGAGGAATATTAA (374) 
[ 460 470 480 490 500) 
[  . . . . . )  
Species H from D. ponderosae -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles'B ftom~D.~brevicomis -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles"A~froni~D.~frontaiis -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles'c from Pityo. comatas -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles'G from D. ponderosae -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACCCTGAGAA [470] 
Specles~0_from~D.~ponderosae -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles'E from~D.~ponderosae -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Specles'E from~0.~jeffreyi -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [469] 
Speciea~F~from~D.~ponderosae GAAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [470] 
Penlophora plthya~ -GAGCGAAGGCTTTTTTTCCACTACCGAACAAATATACTGACGCTGAGAA [470] 
Peniophora'nuda -GAGCGPAGGCTTTTTTTCCACTACCGAACAATAAAACTGACGCTGAGAA [459] 
Dendrophora albobadia -GAGCGAAGGCTTTTTTTCCACTACCGAACAATAAAACTGACGCTGAGGA [456] 
Oxyporus sp. --GGCGAAGGCTTrrrT-CCATTA ATGAT—TGACGCTGAGAA [332] 
Species J from Xyleborus dlspar -GGGCGAAAGCATTTT-ACCACTA AAGAT—TGACGCTGAGAA [357] 
Ancrodla carbonlca ~ -GGGCGAAAGCATTTT-ACCACTA ATGAT—TGACGCTGAGAA [342] 
Merlpllul glganteus A-GGCGAAAGCTTTTTTACCACTA ATGAT—TGACGCTGAGAA [345] 
Pulcherricium caeruleum -AAGCGAAGGC-ATTTTTCCACTA AAGAT—TGACGCTGATAT [359] 
Pleurotus tuberreglum -GGGCGAAAGCTTTTTTTCTACTA ATGAT—TGACGCTGAGAA (373) 
Lentlnula~boryana T-GGTGAAAGCTTTTTATCTAATA ATGAT—CGAC-CTGAGGA [346] 
Species I~from D. approxlmatus T-GGCGAAGGC-ATTTGACCAATA AA-GAT—TGACGCTGAAAG [308] 
Specles~K from~D.~ponderosae T-GGCGAAGGC-ATTTGACCAATA AA-GAT—TGACGCTGAAAG [306] 
Phleblopsls glgantea T-GGCGAAGGC-ATTTGACCAATA AA-GAT—TGACGCTGAAAG [307] 
Gloeocystldlum Ipidophllum T-GGCGAAAGCTATTTTTCCATTA ATGATTGAAGCTGA GGGA [352] 
Russula compacta A-GGCGAAAGCTTTTTT-CCATTA ATGAT—TGACGCTCAGAA [330] 
Amylostereum ehallletll A-AGCGAAGGCTTATTTACCATAA ATGAT—TGACGCTGAGAA [339] 
Heterobasldlon annosum -GGGCGAAAGCTTTTTTACCATTA ATGAT—TGACGCTGAGAA [318] 
Hyphodermajpraeterml ssum T-GGCGAAAGCTTTTTT-CTATTAC TGAT—TGACGCTGAGAA [348] 
Stereum hlrsutum AGGGCGAAGGCTTTTTTTCCATAA ATGAT-TGAC-CTGAGGA [414] 
1 
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[ 510 520 530 540 550] 
Sp«cl««_H_from 0. pond»roa»u ACTAAGCGGAGGATAGGMAAAGGATTAGATACCCAATTACCCCTCTCTG [519] 
Sp«ei«*~B_f EOnro.~br«vi comls ACTAAGGGGACGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG (519] 
Specles2A~fcom~0.~front4iis ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [519] 
Sp«cies~C~£rom~Pit/o. coaatas ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [519] 
Specles_G_£rom_0._^nd«rosj» ACTAAGGCGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [520] 
Species D~£rom D._ponderosae ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG (519] 
Specles~B~£rom~0._ponderosaft ACTAAGGGGAGGATAGGAAAAA6GATTAGATACCCAATTACCCCTCTCTG [519] 
Species_E~from~0. jeffreyi ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [519] 
Species F frovTorponderosae ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [520] 
Penloptiora_pitHya~ ACTAAGGGGAGGATAGCAAAAAGGATTAGATACCCAATTACCCCTCTCTG [520] 
Peniophora_nuda ACrAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [509] 
Dendrophora_albobadia ACTAAGGGGAGGATAGGAAAAAGGATTAGATACCCAATTACCCCTCTCTG [506] 
Oxyporus_sp. ACTAAGGTGAGGACAGAAAAAAGGATTGGAGACCCTTATATCCCTCACAT [382] 
Specles_J_£rom_Xyiet>orus dispar ACGAAGGTGAGGATAGGAAATAGGATTAGATACCCCGGTACCCCTCTCTG [407] 
Antrodia carboniea ~ AC6AAGGTGAGGATAGGAAATAGGATTAGATACCCCGGTACCCCTCTCTG [392] 
Meripilus glganteus ACGGAGGTGAGGATAGGAAATAGGATTAGATACCCCGGTACCCCTCTCTG [395] 
Pulcherrlciuiii_ca»ruleua ACGAAGGTGGGGATAGGAAATAG6CTTAGAGACCCATGAACCCCTCACTG [409] 
Pleurotua tub«rr«glvm ACGAAGGIGAGAATAGGAAATAGGATTAGATACCCAGATACCTCTCACTG (423] 
lentlnula'boryana ACGAAGGTGAGAATAGAAAATAGGAT-AGAGACCCAGATATCTCTCACTG [395] 
Species l~from_D._approxiiiiatua ACGAAGGTAAGGAGAGGAAATAGGCTTAGAGACCCATGAACCCCTTACAG (358] 
Species~K~fEOm_0._ponderosaa ACGAAGGTAAGGAGAGGAAATAGGCTTAGAGACCCATGAACCCCTTACAG [356] 
Phlebiopsls flgantaa ACGAAGGTAAGGAGAGGAAATAGGCtTAGAGACCCATGAACCCCTTACAG (357] 
Gloeoe^stidlua Ipidopkllum ACGAAGGTTTGAACAGAAAATAGGATTTGATACCCA-GATATCTCTTACT [401] 
Russula coinp'cca ACGAAGGTGAGGATAGGAAATAGGATTAGATACCCAAAATACCCCTCTCT [380] 
Anylostereum_challletli ACGAAGGTGAGGATAGGAAATAGGATTAGATACCCAAAATACCCCTCTCI [389] 
Heterobasidion annosum ACGAAGGTGAGGAAAGGAAATAGGATTAGATACCCAAAATACCCCTCTCT [368] 
Hyphodermajpcaetermlssum ACTAAGGGGAGGAAAGAAAAAAGGATTAGAGACCCTC-GTATCCCTCTCT [397] 
SterauiB_hlrsutum CCGAAGGGGAGGAGAGGAATTAGGATTAGATACCCAA-CTACCCCTCCCT [463] 
[ 560 570 580 590 600] 
[  . . . . . ]  
Species H from D. ponderosae TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGATATATTACTA~T [566] 
Species~B~from"D.~brevicomis TCAACGATGAA-TGGTAATTTCTAGIGArTTGtAAGATCTATTACrA~t [566] 
Species~A~from_fl. frontalis TCAAC6ATGAA-TGGTAATTTCTAGTGATTTGrAAGATATArTACTA~T [5G6] 
Species~C~from Pityo. comatas TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGATATATTACTA~T [566] 
Species~G~£rom D. ponderosae TCAACGATGAAATGGTAATTTCTAGTGATTIGTAAGATATATTACTA~T [568] 
Species~D~from~D._ponderosae TCAACGATGAA-TGGTAATTICTAGTGAtTrGTAAGATATATTACTA~T [566] 
Species~E from~0. ponderosae TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGATATATTACTA~T [566] 
Species~E~from D. Jeffreyi TCAACGATGAA-TGGrAATTTCTAGTGATTTGrAAGATATATrACTA~T [566] 
Species~F~f rom~0 ._ponderosae TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGATATATTACTA~T [567] 
Penlophora pi thy a TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGArATATTACTA—T [567] 
Penlophora~nuda TCAACGATGAA-TGGTAATTTCTAGTGATTTGTAAGA?ATATTACTAAAT [558] 
Dendrophora albobadia TCAACGATGAA-TGGTAATTTCTAGTTATTTGTAAGATATGTTACTAAAT [555] 
Oxyporas_sp~ TCAACGATGAA-TGGTAGTTACTAGAAGTTTT [413] 
Species J from Xyleborus dlspar TCAACGATGAA-TGGTAGTTCCTAG CTTAAAAA (439] 
Antrodia carbonica ~ TCAACGATGAA-TGGTAGTTCCTAG TTACAAA [423] 
Herlpilusglganteus TCAACGATGAA-TGGTAGTTATTAGT TTAATAG [427] 
Pulcherricium caeruleum TAAACGATGAA-TGGTAGTGATCAGTT-TTTTTAA [442] 
Pleurotus_tuberregium TCAACGATGAA-TGGTGGTTGCTAGTT-TTAATAAA [457] 
Lentlnvla_boryana TCAACGATGAA-TGGTGG—AATGTTAGTTTTAA [426] 
Species I from D. approxlmatus TAAACGATGAA-TGGTGGTGATCAGTTATTA [388] 
Species~K~from~D._ponderosae TAAACGATGAA-TGGTGGTGATCAGTTATTA [386] 
Phlebiopsls gigantea TAAACGATGAA-TGGTGGTGATCAGTTATTA [387] 
Gloeocystidlum ipidophllum GTCAACTATGAATAGAAGTTATTGGTGA [429] 
Russula coflipacta GTCAACGATGAATGGTAGTTATTAGTAATAAArTT [415] 
Amylostereum chailletii GTCAACGATGAATGGTGGTTGCTAATTATAA [420] 
Heterobasidion annosum GTCAACGATGAATGGTAACTATTAGTAATAA [399] 
Hyphoderma praetermlssura GTCAACGATGAATGGTAGTTACTAATTTTAAAAAA [432] 
stereora hlrsutum GTCAACGATGAATGGTAGTTAACC TGr-AGACAAA (497) 
90 
[ 610 620 630 640 650] [  • • • • . ]  
Sped** H from_0._pondaroM* AAT-AGAAATATAATTACAATACTTATTAGTrTTAATGTTAACAC~GTT 
Sp«cl«s~B~froB_0._br«vieoinis AAT-AGAAATATAATTACAATACTTATIAGTTTTAATCTTAACAC—GIT 
Sp«ci«s2A~from_0.~froiltaiis AAT-AGAAATATAATtACAATACTTATTAGTTtTAATCTrAACAC~GTT 
Sp«ci««_C_from_Pityo. C0JMt<s AAT-AGAAATATAATtACAATACTTATTAGtTTTAATGTTAACAC—GTT 
Specles_G_from_D._pondarosaa AAt-AGAAATATAATrACAATACTTATTA6rTTTAATGTrAACAC~GTT 
Sp«cie»_D_from_D._pondaros«e AAT-AGAAATAIAATrACAATACTTAITAGtTTTAATGtrAACAC~GTT 
Species E feom_D._pondaros4e AAr-AGAAATATAATTACAATACITATTAGrTTTAATGrrAACAC~GTT 
Species~E~frora_0. Jeffrey! AAT-AGAAATATAAmCAATACTTATTAGmTAATGrrAACAC—GTT 
Species F_from D. ponderosse AAT-AGAAATATAATTACAATACTTATTAGTTTTAATGTTAACAC~GTT 
PeniophorM_picJjyj" AAT-AGAAATATAATTACAATACTTATTAGtTTTAATGTTAACAC—GTT 
Penlophora_nuda AGTTAGTTTTATAATTACAATACTTATTACrTTTAATGTTAACAC—GTT 
Dendrophori_albobadl a AGT AATATAATTACAATACTTATTAGtrTTAATCTTAACAC—GIT 
Oxyporuj_sp. CIT-TTAGAGACGATGTrAACAC~GAA 
Species J_from_*yiei>oru» dispar CTAGA6ACAATGrrAACAC~GTT 
AnCrodij carbonica ACTAGGGGCGATGTrAACAC~GTT 
Heripllus_giganteus AATTAGTGACGATGTmCAC—GAT 
Pulcharrlci ua_caeru2eua — —--ATTGATTTCGAGGCrAACGC—GAT 
PleuroCus tutierreglum AACTGGTGACGATGTtAACAC—GAT 
Lentinu2a_boryana TACTAGTACCGATGTTAACGC~GAT 
Specles_I_f rom_D._approxIniaC us ACTGGTTTCGAGGCTAACGC~GAT 
Species_K from_D. ponderosae ACTGGTTTCGAGGCTAACGC—GAT 
Phlebiopsls glgariiea ACTGGTTTCGAGGCTAACGC~GAT 
Gloeocystidlum ipidophiluia AATCACCAGTTTCGAAGCTAACGT AT 




Stereum hirsutum AACAGGAGGCAAAGCTAACACGCGAT 
Species_H_froin_D._pondarosae 


















































































































I 710 720 730 1 
( . . . ) 
Spades H_fcoii D._pon<i»tosa0 T-AGTCGGTTTCGGACCG-MCGAA-TGAAGCAT [€92] 
Spaelas'B froii~0. bravieomis T-AGTCGGTTTCGGAGCC-AACGAA-TGAAGCAT [692] 
Sp«claa~A~f com~0.~front4i is T-AGTCGGTTTCGGAGCG-AACGAA-TGA-GCAT [691] 
Species_C_from_PiCyo. eonatas T-AGTCGGTTTCGGAGCG-AACGAA-TGAACC?? [692] 
Spaciaa~G~fronro._ponderosaa TTAGTCGGTTTCGGAGCG-AACGAAGTGAAGCA? [696] 
Speciea~D~from_0._poi)<ierosae T-AGTCG6tTrCGGAGCG-AACGAA-T777???? [692] 
Specles'E from D.^nderosaa T-AGTCGGTTTCGGAGCG-AACGAA-TGAAGCAT [692] 
Spaclaa~E~fron~fi._jaffr«yi T-AGTCGGTTTCGGAGCG-AACGAA-TGAA-CAT [691] 
Spaelaa~F fcon~0. pondarosaa T-AGTCGGTTTCGGACCG-AACGAA-TGA-GC77 [692] 
Paniophora_pitKya T-AGTCGTTGGCGGAGCG-AACGTAGTGGGGCAT [694] 
Paniophora_nuda T-AGTCGGTTTCGGAGC6-ATCGAAGIGAAGC?? [686] 
Dandcophoza albobadia T-AGTCG-TTTC6GAGCG-AACGAA-TG-AGC?? [677] 
Oxyporus spT T-AGTCGGTTrCGGAGCA-AACGAAGT?CAGCAT [518] 
Speclea 3_£Eom Xylaboras dispar T-AGTCGGTCTCGGAGCA-AACGAAGTGAA-CAT [540] 
Antrodla_carboniea ~ T-AGTCG-TCTCGGAGCACAACGAAGTGAA7777 [526] 
Marlpilus_9iganteus T-A7TCG7TCTCGAA7C—AACGGAG?77???77 (530) 
Puleharricium caaruJaum T-AGTCGGTCTCGGAGCAC77CGAAGTGAAGCAT [546] 
Pl»aroeus_tub'Srr»gium T-A-TCG-TCTCGAAGCA-AACGAAGT-AAGCAT [559] 
Lantlnula boryana T-AATCGGTCTCGAA-CA-AACGAA????7?77? [529] 
Specles_I~fEOin D. approxlmatus T-AGTCGGTCTCGAAGCA-AACGAAGTGAAGCAT [491] 
Species tCftotirD.Zponderosae T-AGTCGGTCTCGAAGCA-AACGAAGTGAAGCAT [489] 
Phlebiopsls gigancaa T-AGTCGGTCTCGAAGCA-AACGAAGTGAAGCAT [490] 
Gloeocystldlum Ipidophllwa T-AGTCGGTCTCGAAG-AAAACGGA-TGAAGCAT [534] 
Russula compacta T-AGTCGGTTTCGGAGCAC-TCGAAGTGAAGCAT [519] 
Aaylostereim challletll T-AGTCGGTTTCGGAGCA-AACGAAGIG777??? [524] 
Hat«robasldlon_annoawii T-AGTCGGTCTCGAAGCA-77CGAA77AACATGG [504] 
Hyphodarma_praatarmissim T-AGTCGGTTGTGGAGCA-AACGTAGIGGACAT7 [536] 
Stareum_hirsutum T-AGTCGGTTTCGAAGCACTACGAAGTG7AGCAT [604] 
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APPENDIX B. AUGNED INTERNAL TRANSCRIBED SPACERS AND 
5.8S RDNA (nS) SEQUENCES 
EntomocorCiciUffl_sp._G_B1067 
EnC omocor C i ci luTsp. ~G~B10 69 





EntomococtI el wn3endroctonl 
Entoaocort1 elum_ap._H 
Bntoaoeortlci ua~sp.~A 













En t ofliocort i ci u<n_sp. _G_B10 6 7 
En toaiocorti ci unTap. ~G~B10 6 9 
Entonocort1cium~ap.~0 
EntomocorticiunTap. ~E 
En t offlocor c i ci wiTap. _C 
En tomocort i ci um'sp.~F_B1048 
En comocorc i ci um'ap. ^ " 
En t omocor t i ci uriSendroctoni 
Entomocorti ci um_sp,_H 
Entomocorticium~3p.~A 
En Cofliocor C i ci um^ap. ~B 
Penl ophora_pi thya_2'22 6 











EntomocorC i ci unTap._D~ 
Bntontocorticium2»P-_E 
Entomocorti cium~sp._C 
fin t omocorC i ciunTsp.~F_B1048 
EntomocortlclunT 3p.~F_B1050 
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C-GTGCGTCCCCTCG-TGCGTGTCCCTTCACTAT-CCACCCCACTGTGAA [ 93 ] 
-TGTGCTCGTCCGGA-TGCGTGTCCCTTCTCTATTCCACCCCTTTGTGAA [98] 
-TGTGCTCGGCCGGA-TGCGTGTCCCTTCTCTATTCCACCCCTTTGTGAA [ 95) 
-TGTGCTCGGCCGGA-TGCGTGTCCCTTCTCTATTCCACCCCTTTGTGAA [951 
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En toflwcorc i ci tuTsp. ~G~B10 6 9 
EntomococC i el luTap. ~0~ 
En Comocor C i cl luTap. ~E 




























En t omocort i ci uiiTsp. ~A 
EnComocorticiu/n~sp.~B 
Peniophora_pithya_2l26 















Ent omocort i ci um~sp._F_B1048 
EnzomocorciciunT sp.~F_B1050 
Entomocort i ci uirdendroct oni 
Entomocorticium_sp._H 





Peni ophora~n uc/a_B10 0 6 • 




Penl op/jora~ruf a_Br0014 
Dendrophora_albobadia 
160 170 180 190 200] 








ATATA-CCCC-ATCATGTATCAGAATGTACCTTGCGTTAACTCGCACAA [ 191) 
ATATA—CCCC-ATCATGTATCAGAATGIACCTTGCGTTAACTCGCACAA [1911 
ATATA-CCCC-ATCATGTATCAGAATGTACCTTGCGTTAACTCGCACAA (1911 
ATATA-CCCC-ATCATGTATCAGAATGTACCTTGCGTTAACTCGCACAA [ 1911 
ACATA-CCCC-ATCATGTATCAGAATGTACCTTGCGTTAACTCGCACAA (1911 
ACATA—CCCCAACGAAGTATCAGAATGTACCTTGCGTTAACTCGCACAA [189] 







ACATA—CCCCAATGAAGTATCAGAATGTACCTTGCGTTAACTCGCACAA (192 ] 





ATACAACTTTCAACAACGGATCTCTTGCGTCTCGCATCGATGAAGAACGC (241 ] 
ATACAACTTTCAACAACGGATCTCTTGCGTCTCGCATCGATGAAGAACGC (2411 
ATACAACTTTCAACAACGGATCTCTTGCGTCTCGCATCGATGAAGAACGC (2411 














260 270 280 290 300] 












AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAA (2 91) 
AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAA [289] 
AGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAA [294] 









En e omocor t i ci iin_sp. _G_B 10 S 7 






En t o/nocor t id ua3en<froct onl 






Peniophora_nud<_Bl0 0 6 








Entomocortiei uin_sp._G_Bl 0 67 
Entomocort i ci ujn~sp. ~G_B1069 
Entomocorti ciuoTap.~D~ 
Entomocortici u/iTsp. ~E 
En t o/nocor C i ci uflTsp. ~C 


































Peni op/iora~ru f a_Br0014 
Dendrophora_alh'obadia 













































TGAGTGTCGTGAACTCCTCCACCCTCTATCTTTTTCGGAAGGCATTGGGC (3 92) 
410 420 430 440 450) 


































En CoAiocorCi ci uflTsp. ~A 















En t omocorticiua_sp. ~D~ 
Entomocort i ci u/iTsp. _E 
En t oniocor e i ci unTsp. ~C 
En t oniocor C i ci ua_ap. _F_B1048 
Entomocorti ci u/n~sp._F~B1050 
Entomocort i ci u/ndsndroctoni 

















En t omocorticium~sp.~E 
Entomocorticium_sp._C 
E n  t o m o c o r t i c i u m ~ s p . 0 4 8  
Entomocorticium sp. F'B^OSO 
En t omocor t i ci umSendroct oni 
Entomocorticium_sp._H 








Peni ophora_dupl ex~Bl 02 J 
Peniophora_pithya~B1012 
Pen!ophora~ru fa_Bro 014 
Dendrophor'a_albobadi a 
460 470 480 490 500) 





















ATTAGCGAAGCCCTTCGCGGCCTTGGTGTGATAATTATCTGCGCCTTGGC [4 92] 
510 520 530 540 550] 
. ]  
TTAGCGAACATATGTACCGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [538] 
TTAGCGAACATATGTACCGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [538] 
TTAGCGAACATATG GGGACTCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACATATG GGGACTCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACA TACGGGGACTTGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACG TACCGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [534] 
TTAGCGAACG TACCGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACT TACCGGGACTTGCTTCCAACCGTCTCGCAAGAGACA (53Sj 
TTAGCGAACT TAATGGGACTCGCTTCCAACCGTCTTGCAAGAGACA [535] 
TTAGCGAACT TAATGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACT TACCGGGACTCGCTTCCAACCGTCTTGCAAGAGACA [535] 
TTAGCGAACA TACGGGGACTCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACATAT GGGAATCGCTTCCAACCGTCTCGCGAGAGACA [533] 
TTAGCGAATC AATGGGGAATTGCTTCCAACCGTCTCGCAAGAGACA [539] 
TTAGCGAACATA CGGGAATCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACATA CGGGAATCGCTTCCAACCGTCTCGCAAGAGACA [535] 
TTAGCGAACATGA GGGAATCGCTTACAGCCGTCTCGCAAGAGACA [536] 
TTAGCAAACTTA CGGGAATCGCTACCAACCGTCTCGCAAGAGACA [539] 
TTAGCGCATG AACGGGCATTGCTTCCAACCGTCTCGCAAGGGACA [539] 
TTAGCGAACCC ACGGACATCGCTTCCAACCGTCTCGCAAGAGACA [535) 

























APPENDIX C. AUGNED INTERGENIC SHORT SPACER (IGS) SEQUENCES 
Bntomocortl ci u/B_sp. _G 
Entomocortlcl u/ii_sp. ~0 
Entoaocorticium~sp.~S 
En t oiaoeortl ci laSendroct oni 
Ent omocorticiua_sp._F 
En t omocort i cl ujn_sp. _B 
Entomocortlclum_3p.~H 







Entomocortlclum sp. E 
En t omocort 1 cl iwSenclroct oni 
Entomocorticlum_ap,_F 
Entomocorticlum_ap._B 
En t omocort i cl ufli_sp. ~H 





En t omocort 1 cl u/n_sp. _G 
Entomocort1clunTsp.~0 
EntomocortlciunTsp, E 
























Entomocortlcl u/n~sp. ~B 
EntomocorticiumTsp.~H 
Entomocortici ujn_sp. ~A 
Entomocorticium~sp. C 
Peniophora_piceae_BT010 












60 70 80 90 100) 











110 120 130 140 150) 
.1 
GAGGGAAA AGGCTCGACTTCTATATATTG-T-GGCGAAGGTTT (137] 








GTGGGAAGGGT A-GCTTGACTTCTGTAGATCGACAGG-GAAG (135) 
160 170 180 190 2 0 0 )  
. )  
GCAGTAGGCCTTAG CTACATGCTTAG TTTATAG (170) 
GCAACAGGCCTTAGG AACTCATCTACATGCTT-G TTTATAG (184) 
GCAACAGGCCTTAGG AACTCATCTACATGCTT-G TTTATAG (184 ] 
GCAATAGGCCTTAGGG AACTCATCTACATGCTT-G TTTATGG (184) 
GCAATAGGCCTTAGGG—AACTCATCTACATGCTT-G TTTATAG (187) 
TAGGG—AACTCATCTACATGCTT-G TTT (167) 
GCAGCAGGCCTTAGGG—AACTCATCTACATGCTT-G TTTATGG (184) 
GCAACAGGCCTTAGG AACTCATCTACATGCTT-G TTTATGG (183) 
GCAACAGGCCTTAGGG AACTCATCTACATGCTT-G TTTATAG (187) 
CC—A—TAGAGCTTA-CT-TATGCTT-GAAAAA [ 162 ] 
210 220 230 240 250) 
.) 
CG-CTAGAA GCATATGGCGAGGCATAAAGAGCCTCGCAAGGGCTA (214) 
TG-CTAGAA GCATATGGCGAGGCATAGAGAGCCTCGCAAGGGCTA (228) 
TG-CTAGAA GCATATGGCGAGGCATAGAGAGCCTCGCAAGGGCTA (228) 
TG-CTAGAA GCATATGGCGAGGCATAGAAAGCCTCGCAAGGGCTA (228) 
TG-CTAGAA GCATATGGCGAGGCATAGAGAGCCTCGCAAGGGCTA (231) 
-G-CTAGAA GCATATGGCGAGGCATAGAAAGCCTCGCA TA (205) 
TG-CTAGAA GCATATGGCGAGGCATAGAGAGCCTCGCAAGAGCTA (2281 
TG-CTAGAA GCATATGGCGAGGCATAGAAAGCCTCGCAAGGGCTA (227) 





Bntomocorcl cl iu!_sp. _G 
En t omoeoztici iiflTsp. ~D 
Bntomocorticium'ap. B 
Bntomoeorticiui^endroctonl 
Bn t omocort i ci uiii_sp. _F 
Bn t omocort i ci u<n_sp. _B 
Bn t omocorti ci u/n'sp. 






Bn t omocorti ci uiiTsp. _D 
Entomocorticium~sp._E 
Ent omocorticium3endroetoni 
Bn t omocorti ci uin_sp. _F 
EntomocorticiuaTsp._B 
£nc omocorticiumjap._H 
En t omocort i ci ujiTsp. ~A 
Bn t sinocor t i ci unTsp. _C 
Peniophon _piceae_B1010 











310 320 1 
1 
TATCCACGGCCATACCCAAAAACCACACC 1292] 
TATCCACGGCCATAGCCACAAACCCCAAC [306] 
TATCCACGGCCATAGCCACAAACCCCAAC [306] 
TATCCACGGCCATAGCCACAAACCCCAAC [306] 
TATCCACGGCCATAGACACAAACCCCAAC [309] 
TATCCACGGCCATAGCAACAAACACCAAA [284] 
TATCCACGGCCATAGCCACAAACCCCAAC [306] 
TATCCACGGCCATAGCCACAAACCCCAAC [305] 
TATCCACGGCCATAGACACAAACCCCAAC [310] 
CATCCACGGCCATAGCCCAAAAACAACCC [286] 
